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The prcolem of detonation has long attracted the attention of
investigators, Up to the present time there have been widely used
only condensed explosives; however, it 1is possible that in the very
nzar future also gas detonation will find applicatiocns which are im-
portant in practice. Interest toward detonational processes in gass- s
is increasing due to the appearing possibilities of realizaticn of
steady-state conditions. The study of the structure of a gas detona-
tion permits us to better understand processes in condensed explosives,
the investigation of which is considerably more difficult.

One-dimensional theory of detonation 1s presented 1in completed
torm in the book of Ya., B, Zel'dovich and A, S. Kompaneyets: "Theory
.1 Detonation.," rFurther investigations only expand the area cf con-
sidered phenomena to various degrees. At the same time, in recont yoars
there have appeared 2 large number of works showing that the actusal
i~tonation front in gasses contains strong transverse perturtations;
i.~., the structurec of this front is essentially thrce-dimension-:l,

The purpose of tho present btouk 1s tc present results of investi-
gations of the structure of transverse per*urbations ~f the actual
+-tonation front in gasses. As the basic material there served authors'
~orks conducted first in the Moscow Physicel and Technical Institute,
and then in the Institute of Hydroiynamics of the Siberian hranch of
the Academy of Sciences of the USSR,

v
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In the introduction to this book there 1s given a short historical
survey of the most well known works on gas detonation, In view of the
importance of the one-dimensional theory for description of processcs
of detonation, in Chapter I there is presented the contemporary state
of this question, In Chapter II there are given results of investiga-
tions of spin detonation. On the basls of obtained experimental mate-
rial there 1s presented a scheme of analysils of flow in the region of
discontinuity of the leading front. Here there are considered acoustic
oscillations in detonation products and their relation with the struc-
ture of the front.

Chapter III 1s dedicated to the account of experimerts and theo-
retical calculations connected with observation of heterogeneities in
a gas detonation front far from the limits. In Chapter IV there is
described a method of obtaining stationary detonation in an annular
channel, In the last chapter, Chapter V, there are considered general
characteristics of behavior of transverse waves during gas detonation
and their influence on averaged characteristics of the detonational
wave,

The present book was written on the initiative of academician
M, A, Lavrent'yev, who gave much attention to investigations of the
authors on the given question.

The authcrs also consider 1t their duty to thank academician Ya.
B, Zel'dovich, R, I. Soloukhin, L, V. Ovsyannikov and S. S. Khlevnyy
for their advice and consultations on certain questions presented in
the book, Results of V, V, Pukhnachev for the study of instability of

a plane detonatlonal wave are presented by our request by the author,

During carrying out of the experiment, much work was conducted by

B. Ye, Kotov, V, A, Tatarchuk, V, A, Subbotin and P, N, Nikitin,
vi




INTRODUCT ION

Development of theory and experiment in questions of explosive
processes was considerably advanced when in 1881 Mallard and Le
Chatelier [1, 2] and independently of them Bertelot and Vieille [3, 4]
established that during igniting of an explosive gas mixture the zone
of burning in certain cases propagates with a speed hundreds of timec
greater than the speed of normal burning of the given mixture. The
newly discovered nrocess was distinguished by a number of characteristic
properties: speed of propagation exceeds speed of sound; 1its magnitude
is not influenced by change of pressure; above certain minimum sizes,
it is not influenced by diameter of pipe; 1t is not influenced by
small additions of foreign matter or method of initiation. Further
investigations showed that for a given type of mixture, the speed of
1etonation, as such a process was called, 1s a physicochemical constant
which 1little depends on initilal state of gas mixture,

First attempts to explain given phenomenon were made by Bertelot
and Vieille, They assumed that during propagation of a detonation
wave, the main role is played by transport processes, However, even
then investigators assumcd that with such propagation of the flame a
large role must be played by processes of compression in the detona-
tion wave. Thus, there appeared works of Dixon [5, 6, 7], in which

ideas of Bertelot and Viellle were combined with the idea of influence
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of a sound wave, But the theories of these sclentists, as a rule, did
not give satisfactory agreement with experiment,

In 1899 Chapman [8] approached detonation from the thermodynamic
point of view and calculated its speed, assuming that it was the
minimum possible speed, In 1905-1906 Jouget, independently of Chapman,
using the conservation laws and considering the entropy of the process,
showed that the latter attains a minimum at the point on the Hugoniot
curve which corresponds to transonic speed of reaction products relative
to the detonation wave front [9, 10]. This point was postulated by
him as determining the speed of detonation and the state of the reaction
products. Somewhat later, Crussard [11] showed the equivalence of the
hypotheses of Chapman and Jouget.

The obtained solution, in spite of its lack of theoretical founda-
tion, gave good agreement with experimental results. A large number of
measurements of speed of detonation, performed by the many different
authors, gave values which consistently agreed with calculations of
Jouget, However, the Chaepman-Jouget theory did not explain a number of
phenomena and, most important, the limits of detonation,

This prompted a whole series of attempts by sclentists (up to
1940) to explain the phenomenon from other initial data. An example
of such an approach 1is the attempt of Lewis [12] to calculate speed of
detonation on the basis of diffusion of active centers, in connection
with the theory of chain reactions appearing at that time,

In 1940 there appeared the work of Zel'dovich [13], in which there
was for the first time given & rigorous foundation for selection of
the point on the Hugoniot adiabat which determines the detonation
process, Detalled discussion of theories of Chapman-Jouget and
Zel'dovich will be conducted in the First Chapter,

In subsequent years and at the presert time, development of the
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theory of gas detonation was conducted and 1s being conducted basically
in three directions, First, there are efforts to introduce a series

of generalizing circumstanczs, to consider the influence of diffusion,
thermal conduction, the possibllity of ignition of a mixture with the
help of chemically active particles which penetrate into a cold mixture
from the reaction zone; there are being analysed detonational processes
for the case of a large number of chemical reactions, and there are also
being conducted calculatlions for separate specific cases with given
parameters., The second direction 1is connected with the appearance of
nonuniformity of the luminosity of the front during gas detonation in
practically all cases observed in experiment, A natural result of this
was the formulation of the problem of stability of a one-dimensional
detonation process with finite chemlcal reaction zone, This question
was discussed by K. I. Shchelkin{14], R, M, Zaydel!' [15] and V., V,
Pukhnachev [16]; corclusions ohtained by these authors show that under
certain conditions such a process has instability.

The third. direction appeared in connection with works of Manson
[17, 18], Fay [19] and Chu Boa-Teh [20], which show the relation between
phenomena after the gas detonation front and acoustic characteristics
of the burning gas.

Parallel to the development of the theory, there were conducted a
huge number of experimental investigations, Already quite early ex-
periments have shown that attempts to glve a complete theoretical
foundation of the process within the framework of one-dimensional
theory do not explain all phenomena connected wilth detonation.

The first blow to concepts of detonation as a one-dimensional
process was inflicted in 1926 by works of Campbell and his colleagues
[21], when there was revealed the phenomencn of spin detonatlon. De-

tailed investigations conducted by them, and also by Bone, Fraser and
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Wheeler [22], showed that in certain mixtures there is disturbed the
uniformity cf the detonation wave, and there appears a brightly luminous
region rotating around the axis of the tube, Later works established
that spin, a: this phenomenon was called, appears in all cases when
detonation occurs near the limits, 1ndependently of the type of mixture
and method of approach to the limit, With departure from the limits
there is observed so-called many-headed spin,

By further investigations it was revealed that the one-dimensional
regime of propagation of detonation in gas mixtures cannot be observed
at all under usual conditions,

In the works of Troshin and Denisov [23] it was established that
a detonation wave in a gas, even under conditions far from the 1limit,
leaves on the sooty walls of the tube traces of transverse disturbances,
These experiments were conducted with mixtures of hydrogen with oxygen,
which are considered "classical" from the point of view of uniformity
of the detonation wave,

Nonuniformitles of the detonation front in gas mixtures were also
registered by the optical method by the authors of the present work
[24].

It is noteworthy that analogous phenomena were revealed by A, N.
Dremin and O, K., Rozanov [25] in 1liquid explosives,

Various attempts to gilve an explanation of spin detonation have
been made from the time nf its discovery, The most widely known is the
hypothesis of K, I, Shchelkin [26], who proposed that the detonation
process 18 carried out by the discontinuity of the leading front, The
theoretical foundation of this hypothesis was given by Ya. B. Zel'dovich
[27].

In 1950 A, N, Voinov [28] expressed his view that due to the delays

of ignition of gas after the shock wave front, there can appear a
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transverse detonation wave, However, this assumption was not substan-
tiated either by theoretical calculations or experimental results,

In 1957 one of the authors, on the basis of much experimental
material, proposed a scheme of flow with a transverse wave [29]. It
obtalned further development in the work of 1962 [30], Application of
the method of total compensation (see Chapter II) for the first time
made 1t possible to photcgraph the actual picture o’ flow in the
neighborhood of the transverse wave, Investigations showed thst =ven
during detonation far from the 1imits there exist transverse waves
whose structure in principle does not difter from that of the spin
wave (see Chapter III),

Along with development of the theory of phenomena of the front, a
number of authors made attempts to explain the appearance of nonuni-
formities by the influence of acoustic oscillations in the burning
gas., First Manson [17], and then Fay [19] and Chu Boa-Teh [2C] per-
formed calculations of frequencies of such oscillations which gave
results coinciding well with experiment. However, the acoustic theory
cannot give a full explanation of phenomena in the detonation front.
Solution of the problem lies in Jjoint consideration of transverse
detonation waves and acoustic oscillations in reaction products ex-

cited by them,
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CHAPTER I

ONE-DIMENSIONAL THEORY OF GAS DETONATION

Definition of Cyrillic Item

PaBH = eq = equilibrium

Application of the conservation laws to a flow of gas passing

through a shock wave in the absence of transport phenomena (viscosity,

diffusion and thermal conduction) gives three equations which relate

pressure, density and speed of gas relative to the shock:

continuity equation —

equation of

equation of

I, —

[..
tHere I 1

O’

Po and py —
Po &nd py -
Elimination

Polly =0 8, {1.1)

conservation of momentum —

Po+ 0ot} =Py + 8y, (1.2)
conservation of energy —
o

I+ f =h+—. (1.3)

enthalpy (heat content) of gas per unit mass. It 1s
a function of p and p;

speeds of gas relative to shock;
densities of gas;
pressure befcre shock wave and behind 1t,

from the equations of velocities glves a relationship

between enthalpy, pressure and specific volume of gas, which is known

by the name of Hugoniot adiabat:

| &

A e -




L (py, @) — 1, (pe. 90)“5':2_‘%("0+”l)- (1.4)
Here v 1s specific volume of substance, which 1s introduced as
0=
? ’
; Together with the equation of state, the Hugoniot adiabat deter-

4 mines the set of parameters Pys V45 U after the shock wave front,

1

P under the condition that initial state p,, v, and
speed of gas Ug flowing in the shock wave are
given, In Fig. 1 there 1s given the Hugoniot

adiabat,

Let us assume that the gas 1s transferred

“F*" """"" oy from state p,, v, by shock compression into state
Fig. 1. Hugoniot Pys Yy (see Fig. 1). Let us connect by a straight

shock adiabat,
line the two points of the Hugoniot curve, de-

termined by these states, Tangent of angle of slope of this straight

line obviously satisfiles the relationship
".:-A—L- . (105)

“‘..
On the other hand, by replacing in equations (1.1) and (1.2) density

by specific volume and eliminating ug, we obtain
o= o) LB (1.6)
The last equation determines a straight line in plane (p, v) con-
necting points 1 and O, Equation of this straight line was obtained
for the first time by Michelson {1, 2, 3, 4) and is known in our 1lit-
erature by the name of "Michelson's line," which we will call it sub-

sequently.®* It 1is easy to see that Michelson's line determines speed

of gas flowing in shock wave. From equations (1.5) and {1.6) we have

*In the foreign literature this straight line is known by the name
of "Rayleigh's line," although Michelson used it for investigation cof
stationary one-dimensional flow in 1890, 1.e., several years before

Rayleigh,




ul=vlige.

c
Rise of temperature for an ideal gas with v = EB = const which is
v

compressed by a shock wave 1s determined by relationship

L_prfatarta-bp) (1.7)
Te AlU+D)Aa+Ga-Dn

As can be seen from this relationship, with increase of pressure, drop
in temperature behind the front increases. Calculations show that for a
speed of the shock wave near 1,700 m/sec in a dilatomic ideal gas with
molecular weight of 29, the temperature reaches approximately 1,700°K.
Such temperatures are more than sufficient for ignition of explosive
gas mixtures,

Let us consider a gas contalning the chemical energy Q per unit
of mass, which upon ignition is released in the form of heat. On the
(p, v)-diagram combustion corresponds to the transition to a Hugoniot
adlatat, lying above the adiabat for the initial products. Actually,
the shock wave with chemical reaction will be described by the same
laws of conservation of mass and momentum, The difference 1s that in
the case of the chemical reaction, in the process of transition there
is additionally imparted quantity of heat Q to the gas. Equation of

conservation of energy (1.3) will therefore have the form

’0+-§'-+Q:ll+“‘§_‘ (1.37)

Hugoniot equation taking into account heat release glves
Lo o) - L. r.):.h_‘;‘.b_("_,')+ Q. {1.8)

Inasmuch as enthalpy of an ideal gas 1s determined by relationship

16.9) = —Lopo, (1.9)
we obtain for an ideal gas with chemical reaction
1+l _olp - (1L o - _ (1.133
(:1—!" 'o)’n ('_|'o 'l)’o— Q.
-- 9




For a shock wave, for those same Po» Vo and vi, we have

(-:—:-:- v, - o.)p; - ({{% %~ v.)p. =0. (1.11)

Subtracting (1,41) from (1.10), we obtain
(‘:—:'%'Vl — %) (P -P;’=2Q~

Inasmuch as the first parentheses 1s always positive,* we have
<Py
i.e., the Hugoniot adiabat with heat release lies above the shock

adiabat,

Let us consider the (p, v)-diagram for these two adiabats (Fig.
2). Depending upon position of the Michelson line, which determines
the rat~ of the process, the Hugoniot adiabat corresponding to the
process with heat release 1s divided into several

parts., Velocity 1s determined from (1.6) as

= i Tt 2
By =0y ey
p -

p
On segment ED the quantity ;l;f—v! < O, which
0 1

leads to an imaginary value of speed of propaga-

tion of the process; therefore, transition into

Fig. 2. Hugoniot
adiabats with heat states formed by segment of Hugoniot curve ED
release,

does not have physical meaning for steady-state
regimes., The section below point D corresponds to combustion with
increase of specific volume and lowering of pressure; this is the sec-
tion of regimes of usual combustion, and in our work we will not be
interested in this region.
The region above point E describes combustion with increase of

pressure and decrease of specific volume; this ccrresponds to denctation

*lLimiting compression for a single shock transition is determined
by relaticnship Vo =4%-§-% vy

10




processes,

It 1s known that at point Por Vo the Hugoniot adlabat is tangent
to the Polsson adiabat; consequently, the tangent to the Hugcniot
adiabat at point Pgr Vo has a slope, the tangent of the angle of which
determlnes the speed of sound. As can be seen from Fig. 2, the slope
of this straight line at point Pos Vg is always smaller than siope of
the stralght line drawn at any point of curve Hl’ lying above E,
I'herefore, speed of propagation of the process éorresponding to such
points is always greater than speed of sound in the initial gas., From
what has been sald, it follows that reglimes which transfer the gas into
states corresponding to sections of the Hugonlot curve above point E
determlne the process of supersonic propagation of flame, which 1is
accompanied by increase of pressure and decrease of specific vclume,

Thus, Hugonlot curve H1 above point E determines a set of regimes
of detonation combustion with speeds D = u, which do not contradict the
laws of conservation (as we will subsequently designate the velocity of
detonation), which, in turn, are determined by angles of inclination of
Michelson lines connecting polnt of initial state Pos Vo with point of
final state Pys V4.

It is possible to see that such transitions describe any regimes
from some Dmin’ which corresponds to tangency of the Michelson line
to the Hugoniot adiabat for products (point F), up to D=, Point ¥
is interesting due to the fact that through it there passes that single
Michelson line which uniquely determlnes the state of the gas after the
front for given speed of propagation, |

It 1is experimentally shown that of all possible regimes, detonation
chooses for given.po,~v0 and Q a single one. The three conservrtion

»quations plus the equation of state give the relatlonship between the

{ive unknown parameters Uy s Py s Vq s T1 and u, . For unilque

11



determination of the realized regime it 1s necessary to define one
more equation, The efforts of many authors were dedicated for a long
time to the finding of 1it,.

In 1899 Chapman [5] calculated veloclty of detonation, assuming
that of all possible regimes there is realized the regime'with minimum
speed of propagation,

In 1906-1907, Jouget proposed to choose for calculations that point
on the adiabat of the »roducts, at which speed of gas relative to the
front becomes the speed of sound [6, 7).

We will briefly follow his considerations., Along the Hugoniot
curve there 1s satisfied the relationship

(00— 0)dp — (po+p)dv — 24E =0. (1.12)

Change of entropy in the gas after the front 1s determined by expression

=d .
TdS=dE 4 pdy (1.13)
From (1.12) and (1.13) -1t follows that
A4S\ _(%—v\[P—m dp 14
(@, =)=+ () (1.4%)
Here (%%)H is derivative of entropy with respect to volume after

1
the wave front along the Hugoniot adiabat.

Let us consider the pcint on the Hugoniot adiabat, where %% = 0,

At this point ($R). = (2B)_. Differentiating (1.14) once again with
dv H1 dv’s

respect to v, we obtain

L 7\ do (1.15)
For an ideal gas
dv /s v (1.16)
and
(2= o= g>o

12




4°s

dv

Consequently, in compressional wave (v < v is always greater

O) 2

than O, and equation (1.14), which can be written as

2=p ___(4,) _ar
O~ 0 do Js v

v

determines point of minimum entropy on the Hugoniot adiabat. By

multiplying the last expression by v° and using (1.1) and (1.2), we

obtain
—_ P—P _ .2
1pv =o* '._v--u. (1.17)
For an ideal gas the speed of sound
et = 7pv, (1.18)
2 2

i.e., at the point of tangency ¢~ = u~, Speed of flow relative to the
shock 1s equal to speed of scund in the medium,

Thus, entropy on the Hugonlot adiabat attains a minimum at the
point where speed of detonation products relative to the shock is
equal to the speed of sound., Jouget selected this point as determining
the speed of detonation, Since the Jouget condition 1s satisfied at
the point of tangency of H1 with the Michelson line, it 1is clear that
the minimum speed selected by Chapman 1s equivalent to the equality of
speed of the products relative to the front to the local speed of sound.

In the laboratory reference system, the motion of particles after
the detonation front is directed in the direction of propagation of
the process; therefore, the detonation wave in the absence of com-
pression by a piston is accompanied by a rarefaction wave, the front of
which is in the Chapman-Jouget plane.

It is possible to show that speed of detonation products relative
to the front, for the section of the curve H1 lying above the Jcuget
point, 1is less than speed of sound in the products, and for the section
below the Jouget point, is larger. If we imagine detonation with
speed, greater than that determined by the condition u = c, then

(Inasmuch as for sections of adiabat H1 lying above F the speed of the
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products 1s less than speed of sound) the rarefaction wave, propagating
through the detonation products, will overtake the shock front and

lower the pressure, thereby, lowering speed cf detonation to a minimum,
Thus, there is proven the impracticability under normal condltions of
regimes above point F.

The elimination of transitions corresponding to the lower inter-
section points of the Michelson line with the Hugoniot adiabat (point
C in Fig. 2), turned out to be impossible within the Iramework of the
given theor;,

In the considered theory there was not considered finiteness of
width of the chemical reaction zone, and it was tacitly assumed that
in the detonation wave there occurs instantaneous chemical transforma-
tion, Thus, there was not at all explained the phenomenon of limits of
detonation, and, even less, thelr change with small additions, which,
without changing speed of detonation, lead to strong change of 1ts
limits (as, for instance, additions of hydrogen to a mixture of carbon
monoxide with oxygen).

In spite of these deficiencies, the Chapman-Jouget hypothesis has
obtained wide acknowledgement, lnasmuch as in practically all cases
experimentally measured speeds glve good agreement with those calculated
according to Chapman-Jouget. At the same time, weaknesses of this
theory have served as a constant source of attempts to somehow explailn
the uniqueness of normal regimes of detonation, Examples of such
attempts can be seen in works of Becker [8], Scorah [9], Iost [10]
and others, which, however, did not essentlally advance the solution
of this problem,

The problem of selection of detonation regime was solved by Ya,.

B. Zel'dovich during consideration of chemical reactions occuring after




the detonation wave front [11, 12, 13].*

Zel'dovich 1nvestigated equatlons of gas dynamics Jointly with

equation of chemical kinetics of the form
2

@ _onm-1, X
2 =P T e . (1.19)

Here B — weight fraction of unreacting substance;

E — actlvation energy; m — order of reaction,

Considering forces of deceleration and heat radiation, he showed
that the only possible nontrivial steady-state solution of such a
system satisfying to boundary conditions leads to the followlng picture
of flow after the front:

1) specific volume of gas after compression in the shock wave 1is
continuously increased;

2) the pressure drops;

3) speed of gas relative to the front increases, becoming the speed
of sound at the place where rate of heat emission becomes equal to rate
of heat losses.

Let us expound here the basic results of the theory of Zel'dovich,
taking into account later works.,

Let us consider one-dimensional detonation wave 1n i1deal gas with
constant specific heat ratio y. In theory of Zel'dovich such a wave
is a complex consisting of a shock discontinuity, which shifts the
gas from state O into state A (see Fig. 2), and a zone of chemical
reaction following after 1it. Inasmuch as the process 18 assumed to be
steady-state, the state of reacting gas should be changed along

Michelson line AO, The relation between Pgs Pg» Yo» IO and p, p, U

*Later, detonation with finite width of chemical rcaction zone was
considered by Von Neumann [14] and D8ring [15]; however, neither could
give an estimate of the role of losses during detonation processes,
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and I on any control surface 1n zone of reaction 1s described by equa-
tions (1.1), (1.2), (1.3) and (1.9), where quantity of heat released
in process of reaction can be considered as a parameter, Let us

introduce dimensionless variables

o =L,
~
x =2
» (1.20)
and ﬁ'=={%-?=-—JL——o
‘/.IL
’

From equations (1.1), (1.2), (1.3), (1.9) and (1.20), quantities

0, T and M can be expressed as functions of Ugs C and Q:
2+ 21zl @R-dp-200—nulQ
e — ’ (1.21)
g+ —1) (] + 2Q)
3 1 |
e (] — = 1 .
=1 (1 )+ (1.22)

1

= I

Equations (1,21), (1.22) and (1.23) determine a family of Hugoniot

M=

curves with parameter Q (Fig. 3). For
Q = 0 this is shock adiabat HO, passing
through point of initial state (o = 1,
T=1),
The expression under the radical

in cquation (1.21) must be non-negalive;
therefore, for given value of Uqs
quantity of heat released in one-dimen-

sional stationary flow cannot exceed a

certain value Q*, which is a function
Fig. 3, (p, v)-dlagram of
steady-state detonation pro- of Ug:

cesses,
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Q*’»Q‘('o)-‘-‘-;(‘—:?:_:—?’)::—- (1.24)

Let us consider also the family of Michelscn lines. Every such
straight line is described by equation (1.22); angle of inclination

of it depends on value of u In accordance with the double sign in

OO
equation (1.21), for any selected pair of quantities u, and Q < Q*(uo)

we have two solutions determining two intersection points of Michelson

line with Hugoniot adiabat for the given Q. Sign "plus" corresponds to

the upper point of intersection; "minus " sign — to the lower.

On every straight line, for instance A"0O, Q changes from zero
on Hy to Q*(uo) at point of tangency C" of the given straight line with

corresponding adiabat H By substituting Q = Q* in equations (1.21),

2.
(1.22), (1.23), we obtain for the point of tangency:

e DS (1.25)

s 3+ 14 :

—_ 4 1.

'“,1:(_4 _1),., (1.26)
M=1. (1.27)

From equation (1.21) 1t 1is clear that at upper point of inter-

section of given Michelson line with any adiabat H, on which Q < Q*

1
(uo), 01(Q) > o(Q*), at the lower point °2(Q) < o(Q+).
Since for 5 = o(Q*), M = 1, from equation (1.23) it follows that

at the upper point M, < 1; 1.,e,, flow is subsonic. At the lower point

1
M2 >1; 1,e., the flow is supersonic.

Thus, for motion along every Michelson 1lire in the direction from
the shock front, Mach number increases, attaining unity at the point
where Q = Q'(ue), which coincides with point of tangency of the given
straight line to the Hugoniot adiabat. From equation (1.21) it follows

that such a point on every straight line is unique; ctherwise, for
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certain values of u., and Q there would be more than two solutions,

0
Below the point of tangency flow becomes supersonic; thus, heat should
be absorbed, and pressure should drop.

In a detonation wave, liberation of heat as a result of chemical
reaction occurs by laws determined by equations of chemical kinetics,
If equations of all occurring reactions are known, then, by using
relationships considered here, it is possible in principle to always
express change of Q, 7, o and T along any Michelson line as functions
of only one time t in a particle of gas, which is measured from the
moment of passage of the given particle through the shock front,

We will consider the case when law of heat emission has the form

depicted in Fig, 4.+

Q Quantity of released ne-t attains a maximum,
Quge }----
er 'i‘ then starts to decrease in virtue of thermal
_
& ¢ losses or the specific character of the mechanism
Fig. 4. Curve of
heat emission with of reaction, If losses are absent (in practice
maximum,

they can always be disregarded during detonation
in sufficiently wide pipes), then maximum liberation of heat Quax MaY
coincide with equilidbrium,

Zel'dovich showed (11, 12) that steady-state regime of detonaticn
is always determined by quantity Qmax‘ If we connect on all Michelson
lines points at which there is attained Qmax’ then we can obtain the
adiabat of "maximum heat emission" Hoax (s€e Fig. 3). The thus con-
structed adiabat erds at some extreme Michelson line AC, such that on
the lower straight lines the quantity of heat separated in the course

of reaction exceeds the largest permissidle for stationary flow with

*By Q here there is understood the quantity of reat, decreased by
the magnitude of heat losses, which would be releasea at constant volupe
1f molar compositicn of the reagents turned out to be the same as at tae
given point of the detonation wave,
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these speeds., In general Qmax along various Michelson lines do not
coincide, and at the end point C of adiabat Hp, . can approach straight
line AO at an angle different from zero,

We will at first consider that Qmax does not depend on temperature
and pressure of gas; then adlabat of maximum heat emission Hmax will
coincide with one of the adiabats Q = const, Let us distinguish also
the adiabat with Q < Qmax’ whicl. 1s attained after passage through the
maximum, For reactions without losses, in which the maximum 1s due to
peculiarities of kinetics, at the last it 1is possible to take the equi-
librium adiabat H,, (see Fig. 3).

Let us designate by Dc the speed of detonation corresponding to
the tangency of the Michelson line to adiatat Hmax' Iet us consider a
detonational process with speed D > Dc‘ With liberation of heat in
the course of chemical reaction, state of gas will change along a
certain straight line A‘0O which intersects curve Hp.x &t point Ci.
When Q changes from O to Qmax’ the state of the reacting gas is dis-

’

placed from A® to Ci; thus, at point C., in accordance with equation
(1.23), Mach number M < 1, since on this straight line Q* > Quax+ If
after reaching point C. in stationary flow Q decreases, then pressure

and density of gas have to be displaced along the same straight line

’

in the opposite direction, for instance up to equilibrium point Ei;

then Mach number decreases.

It 1s clear that stationary detonation wave with speed D > Dc

should be artificially sustained by motion of piston with speed‘D(l—-Jg)

%
in motionless system of coordinates, where oi is relative compression
»t point of final state. Otherwisc, the appearing rarefaction wave
will overtake the shock front and will cause its decelera‘ion, innsmuch

+5 the flow is everywhere subsonic, Such detonation 1is called
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supercompressed, Points Cé and E., which correspond to "weck" regimes
of detonation on this straight line, are unattainable, since for this
there would be required release of heat larger than the maximum
possible,

Let us imagine now that speed of piston, maintaining supercom-
pressed detonation wave slowly decreases, so that at every moment of
time flow can be considered to be stationary. Michelson line depicting
such a process will constantly rotate in the direction of smaller D,
When 1t coincides with the tangent to adiabat Hmax at point of tangency
C, Mach number will attain unity. At all remaining points the flow
remains subsonic, Distribution of quantity n =B ana M ='§ for this

Po
case 1s depicted in Fig., 5 by the dashed line. Obviously, further

: deceleration of piston will not change flow

R b2 before point C, since at this point M = 1 and

o % L3 the rarefaction wave cannot overtake the shock
T E Rt front,

Fig. 5. ibist;i- On straight line A0, Q = Qmax‘ On Michelson

bution of pressure
and Mach number of
flow behind the
front for two pos-
sible regimes of
detonation.

lires lying below (A"0), Q* < Quax® 1-€.» in the
reaction there i8 released more heat than the
steady-state regime allows, and, therefore, steady-
state detonation with speeds D < Dc is impossible,
Thus, we arrive at unique selection of speesd of the independently
propagating steady-state detonation wave, It is determineqd by the

slope of the tangent to the adiabat of maximum heat emission. At point
of tangzancy C (see Fig. 3) Qax = ¥» D = D ; then from equation (1.24)
we obtain a formula for determination of speed of detonation:

(- &

= . 1.28)

For D° >> c2 we have the known approximate formula

0
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D= ’,2(7' - I, an’

(1.23a)

In the space behind a plane shock front leading the detonation

wave, the surface on which there is attained M = 1 1s also plane, It

1s called the Chapman-Jouget plane.

The course of change of all

quantities between shock front and Chapman-Jouget plane is uniquely

determined by equations (1.z1), (1.22), (1.23) and dependence Q{t).

Dependency on x of the distance passed over by a particle from the shock

front can be obtained if t is expressed in terms of x from equation

_ _ D
x_SaMJL_f—ﬁam—a

Dependences p(x), p(x), T(x) for a reaction of tyme (1.19) accoriirg

to Ya, B. Zel'dovich and A, S. Kompaneyets [13] have the form depict-i

in Fig, 6,

Fig. €. Distribution of
parameters in a detonation
wave asccording te Ya, B,
Proovich snd s, O,

aumpaneyets [13]. 1) tea-
perature; 2) pressure; 3)
iensity; 4) course of the
reaction; a) zone of re-
action; b) initial mixture.

a piston with appropriate speed.

If after achievement of maximur .
decreases, then behind the Chapman-
Jouget plane equations (1.21)-{1.23)
give twc possible flows:

1) pressure and density are in-
creased along straight line AC from
point C upwards, as 1s shown by the-
arrows in Fig. 3;

2) pressure and density drop ~long
the same straight line from point °
downwards.

As 1t was shown, flow of the first
type can te realized only by moticon of

In the absence of a piston, th-

rarefaction wave will make the flow after the Chapman-Jougetl plane

non-stationary.

However, if we consider the flow between
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Chapman-Jouget plane and a certain surface located at a fixed distance
downstream from it, then with passage of time it will approach the sta-
tionary flow described by formula (1.21) with the "minus" sign together
with (1.22) and (1.23) for decreasing Q.

During propagation of a steady-state detonation wave in a pipe,
the presence of a maximum of Q 18 explained by the fact that at a
certain distance from the shock front heat radiation into the walls
starts to predominate over liberation of heat in the course of the
chemical reaction, Th2refore, in a sufficiently long pipe, between
the two indicated surfaces there should be prcduc °d a prartically
statlonary supersonic :zone, in which pressure profile anc distribution
of other parameters ave determined only by losses on the walls and
residual chemical reactions.

Let us indicate an example from which the possibility of a staticn-
ary zone after the Chapman-Jouget plane 1s «vident, Let us assume
that the detonation tute 1s destroyed aft-r passage »f the detonation

wave at 1 certain constant distence from the Chapman-Jouget plane, as

4 ¢ as shown in Fig, 7.
£ hornd u< Here AA 1s shock front, CC is Chapman-
A [ 8
Jouget plane, BB 1s place of break of tube.
[ — In a system of coordinates ccnnocted with
& £
the front we will have free outflow of the
M,
T reacting gas from end of the tute. The
' & a mixture proceeds through plane AA with
Fig. 7. Example of
supersonic stationary parameters produced by the shock wave., The
2cne after the Chapman-
Jouget plane, whole flow will be stationary, with critical

speed u = ¢ in Chapman- .'ouget plane T, If
external pressure 1s sufficlently low, then absorption cf heat after

the criticel section cue to withdrawal of heat into the walls or, for

2
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instance, delayed dissociation willl make the flow supersonic. If now,
starting from.a certaln moment of time, detdnation passes into a tube
with st?onger walls, which cease to be destroyed, stationary superconic
zone not only will be retained, but will be increased, with speed u - .
at its end.

When iIn the supersonic stationary zone there is attained chemical
equilibrium, the state of gas iIn it in the absence of losses will be
determined to be lower than the intersection point of Michclson line
in Fig. 3). Thus,

AO with equilibrium Hugonlot adiabat He point E

gl 2
with respect to the equillbrium adiabat, weak detonation 1s reallzeble,

K. I. Shchelkin [15] tried to prove the unattainabllity of point
E2 in a stationary detonational wave by the fact that during the transi-
tion from point E1 to point E2 there decreases entropy of the gas.
However, he did not consider change of the mixture composition during
such a transition; therefore, the entropy c;nsiderations given by him
are inaccurate, Entropy in zone of reaction, of course, should con-
tinuously increase with distance from the shock front, During change
of mixture composition this is possible even if @ decreases.

The above-stated theoretical results, in which there are used the
conclusions of usual gas dynamics for nonreact}ng systems, recently werc
subjected to considerable reconsideration. The fact is that speed of
sound in the reacting medium is not determined simply by assigrnmont of
P, p and vy, but depends also on mixture composition and rates of chemi-
cal reactions,

It is possible to conslder two extreme cases, Filrst — during the
time of passage of the disturbance created by the sound wave, chemical
equilibrium has time to be displaced, and at every given moment of

time the composition corresponds to equilibrium at given pressure and
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mpersture,* i,o,, chemical reactions have time to "follow" the changes
external conditions, This corresponds to zero change of free energy

Speed of sound in this case 1is "equilibrium" and is defined as

"3:('%";‘)&”“0- (1.29)

The second limiting case — change of pressure in scund wave occurs
fast that 1t does not have tlime to cause noticeable displacement of
ullibrium; mixture composition remains constant. Such a process de-

rmines "frozen" speed of sound, corresponding to formula

9= Cor Jon (1.30)

The derivative is taken at constant entropy and mixture composi-
on, For an 1ldeal gas the last expression coincldes with {1.17), if
is calculated for the glven flxed ccmposition,

The fundamentals of gas dynamics of reacting systems, in particular
1 application to questions of gas detonatlion, were developed by W, W,
od and J. Kirkwood [17-21]. The most controversial was the question
ncernirg for what speed of sound the Jouget condition should be

:tisfied., It was shown [22] that always
C’ > Cor

.ere the cquality sign hoids only in an exceptional case,

It is clear that to talk about the equilibrium speed of sound has
‘aning only 1f the disturbance propagates through the cquilibrium
iitial state of the mixture, This case 1s the most important in
‘actice, Although speed of detonation 1s determined not by the
uilibrium, but by the "maximum" liberation of heat, during calcula-
.ons it 1s necessary to use the equilibrium adiabat, since kinetic

iuations of all reactions under conditions of the detonation wave are

*Here, as everywhere in the book, we speak of chemical equilibrium,
lative tc local thermodynamic equilibrium, we will assume that it
dsts everywhere in the medium.
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not known accurately for any mixture, and therefore, it is Imrossible
in practice to construct "maximum" adiabat. Furthermore, maximum of
Q, in virtue of kinetic peculiarities, apparently exists only for a
few reactions., Among the latter it 1s now possible to include only

5 — 2UCL [23], for which calculation of speed of detonation on
the assumption of equilibrium composition of the products gives at low

H2 + Cl

initial pressures a value which is too low as compared to experiment.
Apparently, for the majority of detonating gas mixtures the quantity of
heat released in the course of chemical reaction grows monotonicaliy,
and maximum of Q is due only to losses. But in the latter case, if the
detonation propagates in a sufficiently wide pipe (as compared to the
effective width of the reaction zone), at the point of maximum of @
the mixture composition will differ very little from equilibrium, and
consequently calculation can be produced according to the equilibrium
adiabat, At point of tangency of Michelson line to the equilibrium
adigbat there is satisfled the Jouget condition for equilibrium speed
of sound [24%]; 1.e., speed of gas in system of coordinates connected
with front is equal to Coo

For stationarity of the process it 1s necessary that rarefaction
wave could not penetrate beyond the Chapman-Jouget plane and weaken the
shock front., It 1s obvious that if all parameters of the flow (for in-
stance, pressure) change in the rarefaction wave so slowly that at every
point of the wave there exists local chemical equilibrium, then each of
these points characterized by fixed values of equilibrium parameters
(including and its front) will propagate relative to particles of gas
with the local equilibrium speed of sound. Consequently, in thils case
the stationary reactionary zone between shock front and "equilibrium"
Chapman-Jouget plane 1s compatible with the rarefaction wave behind

thls plane,
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However, the real rate of reactions 1is always finite; therefore,
"equilitrium" rarefaction wave corresponds to an infinitely slow change
of all pﬁrameters, or to an infinitely extended proflle of the rar-
efaction wave, which 1s attained only as t — ®, For any finite time
from the moment of appearance of detonation, the wave length of the
rarefaction wave is also finite, and its front, as S. Brinkley and J,.
Richardson showed for the first time [25], propagates with "frozen"
speed of sound, The rarefaction wave 1n reacting gas was considered
in more detail by V, N, Arkhipov [26]. He showed that although the
rarefaction wave front indeed propagates through the initially equilib-
rium etate with frozen speed of sound, the disturbance imparted to it
exponentially attenuates, and the main variatlon of parameters 1s trans-
ferred with equilibrium speed of sound.

Thus, after passage over a sufficiently large path, the indepen-
dently propagating detonatlon wave will be practically stationary;
speed of its propagation is calculated from the condition of tangency
of the Michelson line to the equilibrium adiabat, Everywhere above
the point of tangency on the equilibrium adlabat u < Cas consequently,
the detonation process corresponding to these polnts can exist only in
the presence of a piston maintaining the process,

In Table 1 there are given results of calculations of Chapman-
Jouget states for certaln gas mixtures, which were obtained from the
condition of tangency of Michelson line to equilibrium adiabat,

It 1s of theoretical iInterest to investigate possibilities of
stationary supersonic flow after the Chepman-Jouget plane, when the
quantity of heat Q released 1n the reacting flow attains a maximum,
and then decreases, Up to the present time the most complete inves-
tigation of one-dimensional steady-state regimes after the detonation
wave front has been carried out by W, W, Wo~d and Z, V, Salsburg [22].
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2H,+0, | 2840 }1,217]1,128] 1604 | 1544 3678'0,543618.82 24|

C,H,+2,50, 242 I.M“IJ&? 1382 | 1317 4212|o,543033.s| (4]

i Author 's
2C0+0, | 1787 |,2|2|l,|20| 1021 | 968 | 3508[0.542 18, SBloaloula-
ons
Note: v, — "frozen" specific heat ratio;
Vo — "equilibrium" specific heat
ratio, determined by formula cg =

= (vep/p); T, — temperature; po/p1
— density ratio; pl/'po — pressure
ratio.

In particular, they considered "pathologic detonation," when there is
possible transition from stationary subsonic flow to stationary super-
sonic flow (with respect to "frozen" speed of sound), where at the
point of transition, where u = Ces the reaction has still not been
completed, For 7 = const such a regime corresponds to the case when
at the lower point of the adiabat of maximum Q, speed of flow attains
"frozen" speed of sound.,

In the theory of Zel'dovich there are not considered transport
phenomenon, Therefore, amplitude of pressure after the shock wave is
determined only by speed of detonation and does not depend on the flow
of chemical reactions,

The influence of viscosity, di.fusion and thermal conduction on
structure of detonation wave was investigated in detall by J. O.
Hirschfelder and his colleagues [27, 28, 29]. Although during solution
of the problem in these works there are imposed quite strong limitations
on properties of the medium, the qualitative results are of doubtless
interest.

The process of expansion in the statlonary case does not proceed

here along a Michelson line, This follows directly from the
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Navier-Stokes equation for one-dimensional flow of a viscous compress-

ible medium, In the stationary case 1t has the form:

w_g-___._!_e_;(-‘_,,“) 2o (1.31)

Here n and { are coefficients of viscosity of the medium, Condition ot
continuity pu = const makes it possible to integrate the equation once.
As a result of integration we obtain

"’+’=(_;_ﬂ+c)% + const. (1.32)

In the absence of viscosity, this equation coincides with (1.2); in
the presence of viscosity, the left side of equation (1.32) depends
on velocity gradient, and relationship (1.6) 1s not satisfied.

The most important result of Hirschfelder is that with considera-
tion of transport processes, in general there is not attained state
corresponding to the intersection of Michelson line with Hugonilot
adiabat for the initial substance (Fig. 8). The stronger the inter-

' action is between shock front and zone of

"

chemical reaction, the less the maximum
pressure developed during detonation is.

With decrease of interaction, maximum

pressure 1is increased, attaining in the

Fig. 8. Detonation 1imit the value obtained in the theory of

transitions, taking Zel'dovich,
into account trans-
port phenomena ac-
cording to Hirsch-
f;é?er i?dMiggZ{:on- obtained by Hirschfelder of parameters of
Rayleigh line; 2)
course of process for
slow kinetics; 3)
Jouget point; &)
%2:£S§12£t§§2?82§ for coordinate, Here 6 = TZ and x is the relative
? &
Hugoniot adiabat with 0
heat emission; 6)
Hugoniot adiabat for
initial substance, 7)
point of initial state,

In Fig. 9 there are given dependences

gas and concentration oi 1nitial substances

in the detonation wave on dimensionless

concentration of initial substance., As we

should have expected, with consideration of
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transport phenomena the shock wave front is smeared out, and variation

of parameters has a continuous character.

la;====="g’/5 % In this chapter there have been con-

Eg (-4 sidered one-dimensional detonation processes,
é:::::::::zz:: As we will see subsequently, the real de-

2: tonation front in gases usually contains

0 G 34 027 0-1-2-34-3 transverse perturbations., Nevertheless,

Fig. 9. Profile of de- one-dimensional theory describes the process
tgn;ii:gf:ﬁg:r?ccording well if we do not consider the "fine struc-

ture" of the detonation wave. Speeds of

detonation, pressures, densities and temperatures after the front cal-

culated according to one-dimensional theory coincide well with ex-

perimental data [6, 10, 23, 30-40].
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CHAPTER II
SPIN DETONATION

Definitions of Cyrillic JItems in Order
oI Appearance

Subscripts and Abbreviations

MKCEK = psec

€y 2

& cm
o, = —>
cex2 sec

ya = sh = shock

neT = det = detonation

Designations of Instruments

VAB-451 = IAB-451 [Toepler photography installation]
OK-25 = 0K-25 [oscillograph]
OK-17M = OK-17M [oscillograph]

PO-3 = RF-3 [photographic film)

§ 1. Discovery and First Investigations of Spin

The phenomenon cf spin detonation was discovered by Campbell and
colleagues in 1926 [1, 2, 3]). During the study of phototracings <t
the process on film there were revealed pericdic changes c¢f intensity
of exposure of the film (Fig. 10). Detailed investigations scocn
made it possible to establish that the observed nonuniformities are

a result of nonuniformity of the process of explosion in the mixture.
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The first investigations conducted
by Campbell and colleagues revealed a
series of interesting properties of the
new phenomenon, During detonation of

carbon monoxide and oxygen there was

Fig. 10. Spin detonation observed formation of a rotating

according to Campbell and
others. Scanning of self- brightly luminous region localized at

luminosity is perpendicular )
to propagation of the de- the wall-a head.
tonation wave,

Frequency of rotation
of head depended on diameter of tube,
Introduction of concentric rod affected frequency, without changing
longitudinal speed of propagation of the detonation, Scans of the
phenomenon from the end of the tube revealed a cycloid; this cinfirmed
the presence cf rotation., Ratio of step of spiral described by the
zone of bright luminosity to diameter turned out to be constant, equal
approximately to 3,

Investigations of Bone, Fraser and Wheeler [4, 5] confirmed the
exlstence of a rotating region, Upon transition of the detonation
from a lead plipe intc a glass ocne, on the internal wall of the latter
tube there was revealed a spiral truce formed by a deposit of lead.

In a silvered tube, burning of silver cccurred alcng the same spiral,
An analogous trace 1s left during vassage of a spin detcnaticn thr-ugh

a sooty tube (Fig. 11).

S\
& I

AS\Y)
\d ¥ig. 1i. Trace of spin detcnation on

:>? al
(@\\ socty wall of glass tube.
N\

By phciographing the detcnation through a transverse slct .n 7
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film, moving parallel to the axls of the pipe, Campbell discovered a
long luminous band — a trall, which follows after the head. Frequency
of rotation of the trail turned out to almost coincide with frequency
of rotation of the head,
Later Kh. A. Rakipova, Ya. K. Troshin, K. I. Shchelkin, S. M.
Kogarko and others revealed that spin in all cases 1is observed at
the 1limits of detonation independently of method of approach to the
limit [6-12]. Moreover, spin is always observed at the limits of
detonation and i1s apparently the "last poasibility" of ii: propagation,
Very interesting from this point of view are works of Mooradlan
and Gordon [10, 11]. In these investigations for experiments there
was used a shock tube with length of 10 m, Along the tube there

was

were placed pressure transducers of tourmaline, Oscillogranh
conducted by 8 multi-channel system. Ignition was produced by a shock
wave obtained in a separate section by detonating of an explosive mix-
ture. By changing the pressure of the igniting gas, it was possible
to regulate amplitude of the compressive wave propagating thr ugh

the investigated gas. Reglstration of the shock wave by transducers
made it possible tc establish speed of propagetion of the process.

In the case when the tested mixture is able t~ support inde-
pendent detonation, the compression shock obtlained in the igniting
section rapidly lowers its speed until the Chapman-J.uget regimc is
established., 7 the shock 1s L0C weak tc generate detonati n, s
speed rapidly dreps to scnic speced. Of doubitless interest s the
fcllowing: if the igniting shock enters & mixture which lies .utslde
the iimits of detonation, tut is sufficiently clsse¢ t. *hem, %hen,
Just in the rreceding case, the supercompressed wave rapldly attenu-
ates. Dur‘ang transition through the Chapman-J_uget regime the drop

of speed 1s retarded; then there sccurs a sharr decrease to a

X7 3
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magnitude close to the speed of sound, At the time of transition
through tne Chapman-Jouget state there are observed oscillations
whose frequency coincides with that calculated for spin, Thus, even
in the nonstationary case, during transition through the Chapman-
Jouget regime, for a short time there is observed spin,

Ir: the experiments of Bone and his colleagues, it was revealed
that sometimes spln detonation suddenly changes frequency of rotation
by a whole number of times., This phenomenon has received the name of
"many-headed" spin. Detailed investigations of this phenomenon showed
that with departure from the limits of detonatlon, fhe number of
rotating zones of ignition 1s increased,

During investigation of mixtures difficult to detonate, of the
type of methane and air, S. M. Kogarko revealed that spin 1s observed
also for very large diameters of the pipe (to 305 mm) [16].

Attempts to explain the phenomenon of spin detonation beéan at
the moment of its discovery and have continued up till now, Initial
assumptions of Campbell about rotation of the entire mass of gas were
very rapidly.refutggnin the works of Bone and hils colleagues, who
discovered that spin 1s observed in tubes of rectangular and triangular
cross sections, They also established that introductlion into a de-
tonation tube with dlameter of 12 mm of a 1ongitudinal»rib with
height of 1 mm does not affect process of spin detonation [4, 5].

Becker proposed to explain the spin regime by the fact that the
flame front periodically overtakes the shock wave front and then falls
behind it, and that this leads to formation of a wavy structure of
the scan of self-luminosity [13]. However, such an assumption does
not explain the appearance of the spiral trace, Probably the nearest
of all to the truth was the assumption of Bone, Fraser and Wheeler,

who considered that zone of 1lgnition during spin is advanced forward




in the form of a point describing a spiral trajectory, It 1s true
that the physical meaning of this phenomenon remainred vague,

In 1945 K, I, Shchelkin [14]
advanced the assurvticn that in &
shock wave front lgniting a gas,
there appears a stationary discon-
tinulty accomplishing rotation.

Thanks to higher speed, the tempera-

' ture ia the region of discontinuit
Flg., 12. Diagram of fronts * g © scont y

during spin detonation of the is inrreased, and in it there will
region of discontinuity ac-
cording to A, M. Brodskly, be formed a seat of ignition.

and Ya, B, Zel'dovich,
Theoretical proof of the hypothesis

of Shchelkin was proposed by Ye. B. Zel'dovich [15, 1€6]. The general
picture of detonation according to the Shchelkin-Zel'dovich theory
was assumed to be such as 1s depicted in Fig. 12a.

The basic idea of such ar ‘'rplanation of the process was that
under conditions clcse to the 1imit gas :cmpressed by a plane wave
reacts slowly. Pressure of compressed ga:- 1s larger than at the
Jouget point. Therefore, such a gas can play the role of a piston,

supporting the superccmpressed oblique detonation wave,

Results of analysis of the plcture of flow conducted by A, M,
Brodskiy and Ya. B, Zel'dovich [17] for a mixture of 15.3% Hy and air
ied to the picture of flow in the region of break depicted in Fig, 12b,
in a system of coordinates connected with the discontinuity. Here O1
05 is oblique detonation wave; 0'10'2 1s surface of combustion; region
B is gas compressed by plane shock wav:; region F' 1s detonation pro=-

ducts of the obliqu:. wave; arrows show directlon of flow; D, is normal

1
velocity of front 0102; U, 1s total velocity of undisturted flow. Angle

a, which is obtained to be equal to 44° (close to the experimental
36
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value), 1s determined from the condition of equality of total velocity
of flow in reglon F' to the local velocity of sound (otherwisc rare-

faction wave at point O'_ will overtake oblique detonation front).

2
Such a scheme of flow possesses a series of deficiencies. It

is not clear how there is maintained the constant dimension of the

transverse wave., For transonic speed in region F', it is not clear

what causes splitting of the front at point ¢ Furthermore, the

1.
scheme has not been sufficiently confirmed by experiment. For such
reasons the authors of the present work carried out investigatlions
for more detailed study of the region of break of the front shock

front and phenomena connected with formation of the trail of the spin

detonation,

§ 2. Investigations of Spin Detonation
by Optical Methods

Photoreglstration of spin detonation conducted up until recently
did not make 1t possible to investigate the picture of self-luminosity
in the region or disccntinuity. The method of photoregistration on
moving film applied earlier [1-5], due to noncoincidence of speed of
the film and speed of motion of the Image leads to the obtaining of
unclear, smeared-out phototracings., At the same time, stationarity
of the process makes it possible to equalize speeds of film and image
and to obtaln clear plctures of the process.

Such a method was for the first time applied by K, I. Shchelkin
and Ya, K. Troshin in 1949, The essence of it is the following:
Veloclties of film and image of the photographed object have to coin-
cide in magnitude and direction. With such compensation every pcint
of the studied phenomenon 1s projected only into the one pcint of the

film corresponding to it, During the period of exposure, the film
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and the object photographed on it remain motionless relative to one

another,

The scheme of experiment can be imagined as i1f the slct shifts

between the film and the object, which remain motionless, However, in

Fig, 13. Photographing

of spin by the method

of total compensaticn,

1) axial screen; 2)

screen with slot; 3) dir-
ection of motion of head;

4) detonation tube; 5)
objective; 6) photorecarder;
7) drum,

experiments of Troshin and Shchelkin }
there was compensated only the longi-
tudinal component of veloclty. During
the study of spin, it 1is necessary
to turn the axls of the photorecorder
by the angle of thc spiral of spin;
then the motion of the image will be
completely compensated, and the ob-~
taining of clear photographs will be~
come possible [18-20]. The setup of
the experiment 1s shown in Fig, 13.
Magnitude of blurring of the

image can be calculated as

Rve Re

Ax =tAv—= -— ,
usina A sina

where Av = ov — residual difference between speeds of film and image;

v — speed of film;
h — width of slot;
u
u

k =T -
a

— speed of displaccment of process;
reduction factor of objective of photorecorder;

— angle between direction of motion of image and slot;

0 — relative error in compensation of speed, not exceeding

10%.

Numerical values of these quantities during experiment were:

k=20, h=1mm, a=45°,

The value of Ax = 1/1%C mm obtained

during calculation is far beyond the llmlts of resolving power of
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usual fllm, and, therefore, cannot make the image worse,

For obteining total compensation, it i1s necessary to impart to

the fllm the circular velocity

D

v= .
kcosa

This can be seen in Fig, 14, Detonation here shifts along the tube

with speed D; the head of the spin revolves around the axis; total

velocity of the head 1is equal to Taking

cos a’

into account decrease of the objective of the

photorecorder, we obtain the indicated magnitude.
By means of the described method of total

compensaticn, there was studied detonation of

carbon moncxide and oxygen at stoichiometric

Fig. 14. De-
termination of
speed of total
compensation,

composition, Ignition was carried out by a
charge of lead azide, Photography was performed
at distances from the place of ignition, where
the phencmenon took on a stationary character., Direction of rotation
of spin was given by a segment of spiral with step of 3 diameters and
length of 1.5 turns placed near the place of l1gnition. Inasmuch as
the plane of rotation of the photorecorder was turned in such a manner
that motion of film coincided with tangent to spiral trajectory of
the "head", then there was carried out total compensation, and there
were obtained photographs on which it was possible to examine struc-
ture,

Advantages of such a method become clear durlng comparison of
tracings obtained with total compersation and without i1t¢t. 1In Flg.
15 there 1s glven a photograph obtained by Bone, Fraser and Wheeler
(a) and a photograph obtalned by the authors during compensation of

only the transverse component, (b), from which it is possible to see
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Fig. 15. Phototracings of self-luminosity.

that even with such a set-up of the experiment, with sufficient resolv-

ing power of the optical system 1t is possible to reveal the trans-

verse wave, Photograph (c) was made with total compensation; on it,

1t 1s possible to see alternation of clear and unclear pictures,

This 1s due to the fact that the head during every turn passes by the

slot twice: once — along the near, and the other time — along the




wall of the tube farther from the slot. Motion at the near wall 1s
compensated, At the far wall, transverse speed velocity 1is directed
in the opposite direction; there is no compensatlon, and the photo-

graphs are obtained to be blurred,

UGIBLE

3
3 3

GRAPHIC NOT
REPRO.

Fig. 16. Photograph of self-luminosity
by the method of total compensation with
axial screen,

For removal of the unclear half-periods, into the tube there was
inserted a narrow axial screen, which blocked the phenomenon on the
distant wall (see Fig. 13). Inasmuch as the whole process is locallzed
near the inner surface of the tube, such a screen did not affect spin.
One of the tracings nbtained in such a set-up is presented in Fig. 16,

The structure of the spin detonation wave is completely photo-
graphed on the moving film during one period of turn; further the
photograph is repeated, The process of scanning can be represented
in the following way. Let us fix the instantaneous position of the
film and detonation and imagine that the detonation tube is a typo-
graphical rotator, on the surface of which there is applied paint in
accordance with the distribution of luminosity. If we roll such a

rotator over the film, there will be obtalned a periodic imprint of

the image.
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For establishment of the positlon of shocks there was applied
the method of Toepler. The necessity ~f such experiments was dictated
by the fact that on the picture of self-luminosity the relatively
weakly lumlinous shocks may be invisitle. The difficulty of setting
up the experiment in round tubes, which is due to the curvature ot
the surface, could be overcomé in the following way, The external
surface of the metallic detonation tube was cut along a plane in
such a manner that in the wall there were formed narrow slnts, which
were covered with optical glass, In our experiments the diameter of
the tube was equal to 27 mm; width of slot was 4 mm, Deviation of
surface of tube from cylindrical was less than 0,2 mm,

Photography on the Toepler installation IAB-451 was produced by
the method of total compensation, The axis of the detonation tube
was set at an angle of arc tan 0,5 to the cptical axis of the instru-
ment, in such a mannsr that there was no superposition of contours
of the leading front on phenomena occurring at the rear wall of the
tube, Thus, it was possible to obtain a full picture of shocks in
the region of the head, the photograph of which is shown in Fig, 18b,
For comparison, on the same figure there is given a phototracing of
self-luminosity a, obtailned in the same set-up of the experiment,

Toepler photographs reveal that before the transverse wave there
exlsts a front of preliminary compression, which has been revealed
also by other methocfs [17, 18].

On the basis of the obtalned results the picture of flow during
spin detonation looks as follows: During rropagation of the detona-
tion wave 1n a gas, due to the large delay ' ignition between shock
wave and zone of combustion, there will be formed a region of gas,
heated by the shock wave, in which chemical re:nction has still not

begu... Inside the heated zone, due tc randem cnuses, there can
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~ + disturbance which will lead

~aation of a transverse detona~

. «
{ L

v wave, Scattering of detonatlon

e ¢uots in the transverse wave

srusc s nerturbation of the leading

#r. nt, which leads to formation of

Fig. 17. Set-up of expori-
ment in Toepler method with 4 disceontinuity which is vislble on

total compensation of sneed.
1) photorecorder; 2) knite-
edge; 3) screen with slot;
4) direction of detonation

wave; 5) source of light;
6) detonation tube. 1ision of the spin detonation front

the T-eplergrams (see Fig, 17) and

which is revealed on prints of col-

with the shock wave [21, 22, 23] (Fig. 18).
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Fig. 18. a) photograph of self-luminosity
in the set-up o! ig. 17; b) Toeplergram of
spin. .

Direction of rotation u! transverse detonatlon wave ls determined

by random processes, but once !t i tefeoraminedit can no longer be
<
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changed,

The scheme of flow in a system of coordinates connected with the
transverse wave 1s seen in Fig. 19, 1In this system the gas flows in
the detonation wave at an angle of about 45° to the axls of the tube,

During passage through the shock wave, flow lines change their
direction and are pressed toward the front. Calculations show (see

§ 4) that temperature of gas after
s« o ¢ £ 4 K the leading shock wave attalns

1,000-1,100°K, Speed of gas flowing

-~ into the transverse detonational

front \

Fig. 19. Flow diagram for
spin detonation, Scan of

iﬂﬁ:fm of shocks on surface of this case is supercompressed,

wave 1s approximately 2,000 m/sec

(for 2CO0 + 02). This means that

the transverse detonation wave in

With such a scheme of flow, even 1f the transverse detonation
wave moved according to Jouget, pressure after the transverse wave
would considerably exceed those pressures which could be observed in
a scheme with a discontinuity, but without a transverse wave,

Indeed, 1f we assume that the discontinuity in the considered
system of coordinates is perpendicular to flow lines (this will cor-
respond to the highest possible speed of gas with respect to the
shock, equal to D\/E), then pressures which are developed after such
a wave, even without taking into account chemical reacticn, can
attain a magnitude of not more than 65 Pg for initial pressure P and
speed D = 1,750 m/sec, Pressures after the transverse wave have tc
attain magnitudes of more than 150 Py inasmuch as gas before trans-

verse wave already 1s compressed toc a pressure of the order of 2¢ Pae
Exact calculations and detailed consideration of the scheme

of flow will be given in § 4 of the given chapter,
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§ 3. Measurements of Pressure Profile

From the above considerations the necessity of direct measure-
ment of magnitudes of pressures, developed during spin detonation 1is
understandable., Such measurements could also give information about
characger of phenomena developing in the trall of the spin detonation.

Mooradian and others [10, 11] were able to obtain a general pic-
ture of change of pressures during spin, but the method applied by
them did not make it possible to measure magnitude of pressure in
separate places of flow, inasmuch as the resolving power of the trans-
ducers was low: measurements were performed by transducer of tour-
maline, which were placed in small cavities 1in wall of detonation tube
connected by holes with actlve volume and filled with liquid. How-
ever, they were able to establish that in region after front there
exist perlodic oscillations of pressure, whose frequency colncides
with frequency of rotation of spin; but i1t remained vague whether
these changes have the character of Jumps or occur smoothly.

Possibility of exact measurements of pressure was opened due to
the creation of qulck-response transducers of plezoceramics of barium
titanate, whose sensitivity 1s two orders higher than that of tour-
maline and quartz. The maln investigatlions of such transducers and
their development were conducted by S. G. Zaytsev [24]. At the same
time, use of these transducers for the purpose of study of spin caused
certain difficulties which were connected with small dimenslons of
flows observed during spin, and due to this with the necessity of
obtaining high resolving power of the transducers, However, it was
possible to surmount these difficulties:

In our experiments dimension of sensitive surface of transducer

was reduced to 1 mm in diameter (Filg. 20) [25]. The transducer was
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a cylindrical plate with height of 0.5 mm, soldered with Wood alloy
to a long zinc rod.* (As was shown in work [24], zinc possesses the
same acoustic resistance as barium titanate, and this leads to sharp
decrease of reflectlon of pressure wave from the contact with the
support. )

The rod with the transducer was placed on the axis of a pro-
tective brass tube with internal diameter of 6 mm, Remaining space

was fllled with beeswax heated up to a temperature slightly exceeding

[ that necessary for its fusion, As one of the

1 ggli% electrodes of the transducer there served the
iy rod, The second face of the plate with help of
géég a thin wire was connected with the brass tube.

o 2%?5 Filling with wax ensured good suppression of

s 2?;; : parasitic oscillations appearing during passage
2;;2 through of the préssure pulse,

R %ii? - Speclal attention was pald to overcoming

acoustic pickup appearing in the detonation pip:

E‘

917 during passage through of thne detonatiocn, Since
Fig. 20. Design speed of sound in metal considerably exceeds speed
of pressure trans-
ducer, 1) plexi- of detonation, then perturbations caused by
glas bushing; 2)
zinc rod; 3) explosion propogating through the pipe arrive
housing (brass, 4
wax; 5) barium earlier than the detonaticn wave and can distort

titanate plate.
the recordlng of pressure, For suppression of

such pickup, the detonation tube was divided into 2-3 sections separa-
ted by rubber partitions, In the last section in the direction of

*Polarized plates are analogous to ferromagnetic materials in
their properties and have a Curie point — the temperature at which
polarization disappears, Together with destruction of polarization
there is sharply lowered the sensitivity of the transducer. For
barium titanate, the Curie point lies near a temperature of the order
of 130°C; therefore, for soldering there was used solder with a com-
position close to that of Wood alloy, with melting point of 70°C,

46
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motion of the wave there was installed the transducer, mounted in a
plastic fitting. Application of such a device ensured practically

full absence of acoustic pickup on the transducer (Fig. 21).

!

Character of internal impedance

of the transducer was purely capacitive.

Magnitude of self-capacitance was about

100 pf; input impedance of amplifier
Fig. 21. Installation

of transducer in detona- was about 10 Mohm, 1In order to ensure
tion tube, 1) metal

pipe; 2) plexiglas absence of steep slope of the horizontal
bushing.

part of the signal, it is necessary to
have a large time constant of the circuit consisting of transducer
and input impedance of the amplifier, For this, in parallel with the
transducer there was connected an additional capacitor of up to
10,000 pf. Under these conditions, a signal with duration of up to
10—2 sec is known to be recorded without frequency distortions, Time
of recording of signal attained 400 psec, Magnitude of input signal,
due to high sensitivity of transducer, was much higher than the level
of noises and pickup, in spite of 1ts attenuatlion due to connection
of the additional capacitor. Sensitivity of the plate constitutes a
quantity of the order of 1 v/atm; lowering of the signal by 100 times
with connection of the additional capacitér, with subsequent amplifi-
cation by 1,000 times, ensured reliable recording at initlal pressures
in the region of 200 mm Hg.

For measurement of the entire pressure profile 1t was necessary
to ensure recording of pressures during passage through the transducer
of various sections of the front,. Foq/%%%%ése, in the initlal segment
of the detonation tube there was lnstalled a”piéce of spiral twisted
from wire with thickness of about one and a half millimeters, Step

of spiral was chosen close to the step of spin. As experiments showed,

4?9
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such a device absolutely reliably glves the direction of rotation,
and, due to constancy of the step of the spin, also the definite region
of the front in which there was produced recording of pressure, By
changing angle of rotation of the segment of pipe relative to thu
transducer, it was also possible to change position of the spin de-
tonation front at the moment of passage through the sensing plate,
Recording was produced on a double-beam oscillograph CK-25 by a
two-channel circuit immediately by twc transducers located on opposite
walls of the tube in one cross section. The front passed through
ransducers located at two diametrically opposite points., In Fig, 22
there 1s given the pressure recording by

two such transducers.

pInI

Consecutive photographing of spin for
various angles of rotaticn of the section
wlth the splral gave a series of oscillo-

Fig., 22. Recording of grams, part of which are shown in Fig., 23;

pressure during spin
by two transducers
located on opposite
sides of the tube in
the same cross section,

total time of.scanning is of the order of
400 pusec., Attentive consideration of the
given oscillograms reveals gradual transi-
tion from one form of pressure profile to another, Reproducibility
was so good that often 1t was Impossible to distingulsh photoprints
of oscillograms of different experiments conducted under identical
conditions from each other,

On the given oscillograms there are obvious oscillations of
pressure caused by passage of the trall. It is possible to see that
character of oscillograms corresponds to the diagram of flow shown in
Fig. 19. For understanding of the entire picture of flow, 1t was
necessavry to conduct correlation of pressure profile with the system

of shccks, For this, on the dlagram there were plotted trajectories
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Fig., 25. Oscillograms of pressure
during spin for various angles of turn
of igniting section of pipe. Mixture
2CO + 02, saturated with water vapor

at 20°C; time of scan is ~400 usec,
Letters designate oscillogram is cor-
responding to trajectories of trans-
ducers in Fig. 19,

GRAPHIC NT
REPRODUCIBLE

of the pressure transducers, Inasmuch as the transverse wave moves
along a spliral with an angle of about 450 to the generator, then in
the system of coordinates connected with it the transducer passes
through the picture of flow at the same angle. Thus, trajectoriles

of transducer on a given dlagram in variocus experiments are straight
lines, inclined to axis of the tube at the indicated angle. Flotting
of the trajectory corresponding to the given oscillogram was produced
by combination in the same scale of time of any two characteristic
points of the oscillogram with two analogous polnts on the diagram

of fronts, For instance, for oscillogram j such points were the
transverse front and direct shock wave. Check of selected position
of trajectory was carried out according to oscillograms of the second
transducer, The la“ter were plotted on the plcture of flow auto-
matically snifted by a half of a period. Coincidence of shocks on

oscillogram of seccond transducer with shocks of the diagram of flow
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dicated thce correctness of tracing of the trajectory.

Let us consider the osclllogram in gracacer detaill, During trang-
ion from oscillogram a to J 1t 1s possible to see that peak of
2ssure corresponding to the leading shock front AOA' [zec Fig, .
2dually decreases in magnitude, The second rise following after
is peak, conversely, lncreases, simultaneously moving forward along
2 oscillogram, On the diagram of shocks this corresponds to dis-
1cement of the trajectory of the transducer along the front from
to A', With such dlsplacement, due to 1increase of angle ot flow
th the normal to the front, pressure in the first shock should drop.
2 second rise, conversely, 1ls strongly increased, inasmuch as
1jectories intersect the trail at points, closer and closer to the
nt of the transverse detonation wave, As a result, on oscillogram
which establishes passage through the transducer of the transverse
~onation wave, 1n the second peak there is recorded a pressure
yroximately 8 times greater than the preliminary compression shock,

For more detalled investigation of the field of pressures in the
_ghborhood of the leadlng front there were conducted experiments
.h increased speeds of scanning, In this case pressure was recorded
wultaneously by four transducers on two oscillographs OK-17M.

Transducers were calibrated directly in the detonation tube by a
ck wave from the explosion of a suspension of hexogene, There were
orced the direct wave and the wave reflected from the end of the
‘e, near which the transducer was located, Calculation of magnitude
pressure was produced according to speed of shock wave, which wus
sured with help of other transducers, Calibration curve is shown
Fig. 24,

For establishment of position of trajectory of transducers

1tive to the detcnational wave in these experiments, simultaneously
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Fig., 24, Calibration
curve,

drawn from the transducer,

with . riony bl v oW ot r G ot

record T o Lf=luminosity by She ome thod
of toter carnpenscation,  Relative Y cation
cf clof ona ‘rancducers on wall of detona-

tion tub i¢ shown in Flg., 25. The slot
was covered with thin opaque strips along
the line of motion of the transverse wave

On the phctotracings in this case the

=

e

remain dark lines, corresponding t. trajectories of the transducers

(Fig. 20).

Fig. 25. Setup

of experiment on
measurement of
pressure with
simultaneous photo-

GRAPHIC NOT
REPRODUCIBLE

recording. 1) trans_ Yi“i{g. T(W. thQtraCing of Spin

ducersj 2) slot; 3)
direction of motion
of head of spin.

In Fig. 27 there are

the leading front together with th. diagram of flow with corresoonding

witn traces - trajectories of
thie  orancducers,

given acill gruam ot pressure in region of

trajectories of transducers plott.d .n it, Distance between vertical

lines on oscillograms is equal L * ug-¢; between horizontal lines —

25 units of initial pressure ot tte mixture, Lines are plotted ac-

cording to calibration curves, toeking into account nonlinearity »f

the oscillograph, ‘The qualitative nicture of tlow here 1s the same

as with slow scanning.
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Fig. 27. Oscillograms of pressure during
spin and their relation to the system of
shocks.,

Special attention here should be paid to oscillougrams 8, 9, 10,
On oscillogram 3, before the peak of pressure at 160 Py, thereis
r2gistered a preliminary rise of approximately 19 po,which corresponds
to the passage of the leading front. Oscillogram 9 registers passage
0f the transducer in dlrect proximity to th: triple point correspond-
ing to the tip observed on the phototracings. The character of
change of pressure attracts attention: a jump up to approximately 45
Py, &n almost continuous rise to 63 Pqs & short plateau' and then a
Jump to 160 Py We glve an explanation to thls phenomenon in the
following paragraph, For oscillograms 12 and 11 thore is character-
istic an initial Jump to a pressure of arproximately £0 Pgs and then

W]
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case 11 —up v L p o, where In cace 10 owe may see formattonoofa
plateau with duration of approximately 2 usec,

During the analysis of photcgraphs from '/ te 2, wo may soc¢ how
the (ransverse wave, decreasing pressure, goes back along the usclil-
logram, gradually losing its discontinucus character and degencrating
intc a wave of finite amplitude (p = 50 py on line 3) without a dis-
continuity. By the earlier given photographs with long scanning
(see Fig., 23), it 1s pcssible to see that it will be transtormed into
a trail,.

Thus, measurements with the help of pressure transducers has < m-

pletely confirmed the picture of fronts okttalned by optical methads,

§ 4. Analysis of Scheme of Flow with Transverse Wave

Calculations show [17, 18, 19, 20] that with the help of cne
triple point it is not possible to coordinate flow after the transverse
detonation wave and discontinuity of the leading front.

Consideration of photlographs cf self-lumunosity and Toeplergrams
of the process showed that in the region of interaction of the leading
front with the transverse detonation wave there are revealed two
triple points. Therefore, there was constructed [26] the dlagram ot
flow presented in Fig. 28. Here AiAA2 is the front of the leading
wave; AB is the shock wave which compresses the gas to the pressure
after shock AA; BD is the shock wave which compresses the gas of
region 3 to the pressure after transverse wave BC, JCoordinati-on flcw
of regions 4 and 2 occurs in the centered rarefactior wave which
occupies region KDF, if flow in region 4 i1s supersonic; otherwise,
such cocrdination is impossible,

We will consider that all shocks approach the wall perpendicu=-

larly; then flow near lines ot thelr intersiction with the wall will
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be two-dimensional,
As initial data £ .r calculati-n there wore taken speed 0 det no-

tion, initial parameters of the mixture p., ¢, T ana angle ot wave

ixis of AA2 with the t'low, whic:n was determia d
tuba :

by Toeplergrams, Calculation was carried

out for the mixture 2CO + O2
Ay
atm, T, = 293" K, D = 1,700 m/sec, First

at Py = 0.1

of all, under the assumption of absence
of reacticn, there were determined all

paramevers c¢f the gas after shock wave

AlAA2 L]
¢ Pressure drop acrocs obligue shock
Flg. 28, Dicgram of
cheeks in the region of wave 1e determined by relationship

upper triple points,
1) shocks; 2) contact
discontinuitlies; 3) re- pe=ulsin’e (1 J&)_
movable discontinuities Pror ¢ ‘( h (2.1)
(first and last charac-
teristics of rare-

Here u are pressure, densit
faction wave). by, Py U, @ p s Vs

tetal veloclity and angle ot incident
flow with front; subscripts O and 1 pertain to states befcre and be-

hind the shock wave front., Kquation of shock adiabat

_hom (1 2,2
al=2 (h F—) (2.2)

Let us add here equation of state of ideal gas

= o.RT R
P=¢ . (;.,?)
and the relaticn between speciflc enthalpy 1 and temperature
Al=[(T).
(2.4)

L.et us introduce dirensionless variables

-2 and o= L.
A

A
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Then ocquatlons (C.1)-(0.4) will be transformed to the £ orm

x| :~ﬁ- u:sln’v(l - -—::-)'; (2.%)
. or =1 W (2.6)
Al = . (1+ — )i
|
t:d‘—?—i (2.7)
Al=[(T). (2.8)

The last system of equations 1s easy to transform to a form con-
venient for calculations., Let us introduce parameters determincd by
the initial conditions:

A=bS sinfQad B = &

Then, by eliminating from (2.5) and (2.6) quantity o, we obtain a

relation for AI expressed cnly in terms of T:

AJ— :—I(2H -—l).

B A (2.9)

The value of T can be found from the tables for known value of AT,

Furtier we have

. )“‘ (2.11)

Sclution of equations (2.9)-{2.11) was conducted by the meth:d
of successive approximations. By values of Py 91’ Tl determin.ed
from calculaticns 1t 1is possible to calculate all interesting nara-
meters of the gas: tangen® o©of angle of flow relative to the front be-

hind the shock

—~~
.
P
@]

—r

ge= AL

the angle through which veloclty vector «f the flow turns
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total flow velocity

—. 0089 2.14
.I— MQ [} ( )

speed of sound
c'=V‘1\"‘¢'L (2.15)

(71) is determin.d by T, with help of tables); and, finally, Mach

number

M= (2.16)

Results of calculations of flow behind the leading shock wave

are shown in Fig. 29, from wiiich it 1s possible to» see variation of

b (R4 "AW“ parameters of gae along front of lead-
COppmT Lg:—/‘"r""‘"m ing wave. Along the axis of ordinates
AN o -
)< o ud there are plotted dimensionless quan-
0 o /4 \\ o 290 tities T, 0, M, and also temperature
71
!92f \ aﬁ T and angle of turn of flow w, Along
mr.--‘ 7> > 4,00
/ \}ee the axis of abscisse there is plotted
/ ) \ 2 . ¥cu’
ol 3% b daidll B '“““n.‘:’ angle of inclident flow & and quantity
X o W P N & K¢ o
Fig. 29, Parameters of gas U o — squar: of ncrmal component of
Yehind the front of the lead-~ .
ing wave, {low velocity.

With shift alcng the leading
front from A to A' (3ee Fig. 13), temperature ’I‘1 monotlonizelly decreases,
Accordingly there are increased delays of igritlion, Due to this, a' =a
cartain point 0, the combustic.i front starts to sharply lag behind.

This one may see well durirg compariscn of photegraphs of self-lumino-
51ty and Toeplergrams (see Fig, 18),

Thus, it is pcssible to consider tha® length ¢ front AAY 4r a
detonation wave te.ween pclats 4 and O, After separes' n ¢ the 2-rbuc-
tion zone, the detcnatlon wave beccmes & sh "% wave, rraztically with-
cut noticeable chemical reactlin, The layer -7 gas remalning berind
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the shock wave QA' 1s almost whclly burned in the trancvers. *ron*,
Only a small part of it passes through the combustion frcn* C3.
We will conslder now flow in the region of the triple pocint A

(see Fig. 28). From this point there depart three shocks (AiA, AA

and AB) and contact discontinuity AD. Gas passes through systen . f

2

discontlnuities as is shown in the figure, According to rxperimomn-al
measurements, angle of inclination of trajectory of head fr mixture

2 CO + 0, + 3% H, 1is equal to 447 13!, Angle of flow with sh '«

AA2 1s determined to be equal to 350 24' from the Toeplergrams, Far

fiow velocity uy = D/cos 44° 13" (L = 1,700 m/sec), angle = ~utg ing
flow is 8° 15'. Thus, the fiow turns through an angle w equal t> 27
197,

For construction of the flow, it 1s necessary to satisty -
condition of equality of pressures ~n both sides of the cuntast dic-
continulty AD and the conditicn of identical directions of vl =~iei. g,
Preliminary calculation was conducted for the case when shocks ar
shock waves without chemical reacticn, Finding of the soiuti n was
c:nducted by the graphic methad ace . rding to sheck pslars in plane

oy

(T, w),* For this there were constructed curves Of pressur t-nin:

541

the shocks as a tunctisn of angl. 28 turn of the fl.ow, Such a4 < =

”

- R TN [ . ay s VAl ) . - ~ Nk I ey o
struction was caryied cut {for shock ALA, Into which there U1 wo oo
ES

w

with Iinitial stat«, and for shoyeg AR, the state %efire which !0
determined in the woove calzulations,

The cbtained dependences were constructed on sns graph (Filg. * ).
As the reference line for the messurement of angl : there 1s sclected
the direction of fi-w in region . Turn of the £ 2w on oshock AA.L wlll

te ccnsidered to b positive, Inasmuch as the low in region 2 owill

curn relaiive tc its fnittal directizn, the palar for it is crnsirucead

- . . - Y T . & - T e . . C ok | N . 2 . . - Ve M ’:-‘-
® Thisz methed ¢ calzulation (0 trip.e configuratl ngé wiar uo 1]
+ T e ~z*t
va, X. Trochin and c~lleagues ([ Sl-20 ).

Y4




as shifted by the corresponding angle to the right, Points of inter-

sectlon of polar 1 with polar O determine two possible configuraticons,
shown In Fig., 31a and b, Comparison with Toeplergrams shows that

there 1s realized a regime corresponding tc Fig. 3la.

o
A

A
.-L :%
~60-40-20 0 20 40 60w ;
Fig. 30, Constructicn " Fig, 31, Possible config-

of solution by detona- urations of shccks near
tion polars, triple points A and B.

Analogous calculations were conducted for triple point B, Here
as the initial state there was taken the state of gas in regions 1
and ?*, For the selected configuration at pcint A, the flow in region
> will turn relative to the initial state by a -~maller angle than in
regicn 1; this corresponds to shift of polar 3 to the left.

As in the first case, here there are possible the two positions
of shocks deplcted in Fig., 3ic and d, In case d frcnt BD! turns out
to be inclined downstream, Calculation shows that the flow behind
shocks BD and BD' is supersonic; consequently, disturbances can pro-
pagete along front BD' only from point D' to point B, 1In the con-
sidered case, in the flow there are absent causes which can generate
such disturbances at polint D'. Furthermore, in this variant, the

slope ot front BC' considerably differs from that measured experi-

mertally., For these reasons, at polnt B there was selected a

o8
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configuration of type cC.

Calculation showed (see Flg., 28) that temperature in regicns 2
and 5 exceeds 2,6OCOK. Behind frunt AB in region 3 the temperature
is less than 1,500°, and in region ! — less than 2,000°. On photo-
tracings of self-lumincsity, bright regions 2 and 5 are separated
by a d:rk band, whi:h corresponds to regions 3 and 4. For these
reasons, in the final variant fronts AAi and BC were consldered tc be
detonation fronts with instantaneous chemical reaction to the equilil-
brium state, and jirmp AB was considered to be a shock., 1In spite of
the high temperature behind -hock BD, the latter also was taken to be
a shock without chemical reactlon,

I we consider that front BD is a detonation wave (flow veloccity
in region 3 sorevhat exceeds Chapman-Jouget speed of detonation in
this region, which is equal by calculation to 1,670 m/sec), then
pressure, developed behind it will exceed the pressure behind the
transverse wave., Angle of wave BD" with flow will be established
such that expansicn of products behind it in rarefaction wave will
lead to a sharp turn of the contact discontinuity downwards and cor-
responding turn of front BC" (see Fig. 31e) by angles sharply differ-
ing from experimental, Furthermore, with consideration of the finite
width of the zone of chemical reaction after the detonation shock
BD", a statlonary configuration of type Fig. Zle at point B is tctally
impossible. In Fig. 30, the position of the triple configurations
with detonatlon shocks AA1 and BC is shown by dashed lines,

Supersonic flow velocity after shock BD (see Fig. 28) makes it
possible to coordinate flow on contact discontinuity DE with the
help of centered rarefaction wave, During calculation of zone KDF

it was considered that ratio of heat capacities of the gas remains

constants. The position of the first characteristic of the

o9
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rarefuction wave and the region occupied by it was determined by
usual formulas (see, for instance, [27]).

It is necessary to note the following: During calculaticn, all
fronts were assumed to be rectilinear and pressure in regions 1-4 war
assumed to be constant, In reality pressure along ccntact discon-
tinuity AD in the plane case should increcase, attaining at point D
the total stagnation pressure flow 2, This willl lead to distortion
of the contact discontinuity AD; flow in regions 2, 3 and 4 will
become nonuniform, and consequently shocks AB aud BD will not be
stralght lines. However, in view of the cnmparatively low flow
velocity in zone 2, changes of pressure alerng AD are small, and in
the first approximation it 1s possible to dlsregard distortions.

The first characteristic of the rarefaction wave KDF emerges
onto the contact discontinuity BKF at some point X, Continuation of
it into the region of subscnic flow 5Iis impossible, For staticnarity,
it is necessary that by the moment of emergence of the first character-
istic of the rarefacticn wave onto contact discontinuity BKF, the
speed of gas 1in region 5 become supersonic, Otherwise, tne rarefaction
wave will overtake front BC.

In the plane scheme, flow in reglon 5 1s subsonic divergent;
therefore, its velocity and Mach number must drop, and pressure must
increase, However, Judging by the osclllograms, there occurs a sharp
drop of pressure directly after shock BC, Consequuntly, in reality,
flow velocity increases, This 1s possible to explaln only by the
fact that after the transverse detonation wave, flow lines a>c pressed
to the wall (cross section of flow tubes near the wall decreases). At
the point where there occurs transition of flow through the speed of

sound, pressure is equal to critical. As calculations show, crit.cal
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pressure 1in region 5 is equal to 115 Pye

According to oscillograms of pressure, it is possible to establish
the time 1n which pressure drops to its critical magnitude and, con-
sequently, the distance of the sonic line from the front, For flow
ilines passing near point B, this distance with accuracy up to errors
of measurement and calculatinng ccrresponds to the length of segment
BK.

We will note also that in a very small neighborhood of triple
points it 1s necessary, of course, to consider that chemical reaction
after shocks AA1 ar.d BC have still not been complete, However, it is
possible to imagine a neighborhood of the triple polnts such that
reactlcor after shocks AA1 and BC has already passed, and after AB and
BD has still not started due to the fact that temperatures, and con-

sequently delay times, are different, Our calculation was produced

for just such a neighborhood of triple points,

Consideration of Toeplergrams and
photographs of self-luminosity of the
process (see Flg, 16 and 18) gives us
cause to assume (Fig, 32) that flow after
the lower end of the transverse detona-
tlon wave and the adjacent part of trail
MN are coordinated with the help of
triple points C and M, which are analogous
to points A and B, Near point M the trail

is & shock wave with a clearly expressed

Fig. 32. Diugram of front, With distance from point M the
flow in region of trans-
verse wave, trall gradually degenerates into an

acoustic wave of finite amplitude (see below § 3).
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In Fig, 33 there is given a photograph of the trace of a spin

detonation on the sooty wall of the tube, The trace of motion of the

E::' ‘ head here is a wide band bounded by two palrs
EE: | of thin lines, which obviously correspcnd to

triple points A, B, C and M,
Calculation of flow near triple polnts
C and M was not carried out, ilnasmuch as para-

meters of the incident flow on both sides of

L ' the combustion front MG are unknown,
Fig. 33, Trace of

transverse wave on The transverse wave front, as already
sooty wall of de-
tonation tube, was 1ndicated, 1s supercompressed, Chapman-

Jouget speed of detonatlion with respect to state1 1s close to 1,720
m/sec, whereas in reality the speed of the transverse front with re-
spect to the gas turns out to be equal to 1,950 m/sec, 1.e,, there
occurs supercompression with respect to pressure of approximately 2
times, It is known that such a detonational front, in general, can-
not propagate independently with constant speed.

Causes of stablility of the transverse front are revealed during
the examinatlion of impressions due to collision of the spin detonation
wave with the end of the tube. As the photograph, in Fig. 34 shows,*
in the volume of the tube there are developed configurations consist-

ing of incident 1 and reflected 2 waves. The irregular reflection

*R, E, Duff [28)] published a photograph of the impression on the
end of the tube which noticeably differed in shape from that obtained
by us., Length of "leg" 3 in his photo 1s relatively shorter, and
"whiskers" 1 and 2 are longer., During multiple repetition of such
experiments with mixtures of 2H, + O, and 2C0 + 0, + (2 to 7%) H, in

glass tubes with diameter form 20 to 40 mm, we came to the conclusion
that durlng stabie spin detonation, the Impressions take a form
similiar to Fig. 34, and impressions corresponding to those given in
work [28] are observed only during non-steady-state spin,
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appearing then leads to formation of a Mach leg 5, which is a trans-

verse detonation wave., The extent of this wave along radius of tube

- LHI is approximately 3/5 R. It is obvious that speed,
=

» E corresponding to that calculated according to the
- E_‘“ . Chapman-Jouget condition is attained at some in-
]

- Co— termediate point of the wave, This occurs at a

- | point located at a distance from the wall of about
= el

3 ot 1/6 R.

Fig. 34, Photo-
graph of impres-
sion of spin de-
tonation on the
end of the tube,

The accuracy of the proposed diagram of
shi.cks (see Fig, 28) 1s confirmed by all avial-

able experimental material, Shocks AA AA2, BC,

12
triple points A and B, zone of low temperature after jump AB and the
analogous zone in the region of lower triple points are revealed

on photographs of self-luminosity and Toeplergrams, Angle of front

BC calculated according to the given diagram coincldes with that which
was experimentally measured with accuracy up to 1 degree. Only the

angle of inclination of front AA, noticeably differs from the calcu-

1
lated value. Measurement of profile of pressures confirmed the exis-
tence of a shock of preliminary compression AA2 and of a zone of very
high pressure 5, Oscillogram 9 1n Fig. 27 reveals front BD, which
due to its small dimensions is not registered by optical methods.
Continuous rise of pressure from 45 to 63[%)18 explained by the fact
that the transducer partially passed through region 1,

Comparison of measured values of pressure with calculated values
shows the good coincidence of the neighborhood of triple points A
and B, although behind front BC measured pressures are somewhat lower,
This disagreement can be explained by the presence of 3% hydrogen in

the mixture 2CO + O2 applied for measurement of pressures, which was

not considered during calculation of the state behind fronts AA1 and
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BC, and also by ‘ne fact that at dlstances of the order of AB, flow
can no longer be considered to be two-dimensional. 1In Table 2 there
are glven parameters of the gas in the region of triple points during

spin detonation for the scheme shown in Fig. 28 (mixture 2C0 + 055

2
D = 1,700 m/sec, p, = 0.1 kg/em”, T, = 293°K).

Table 2. o ) L, _ )
oh & An f shook
fﬁ::ﬁ‘.":.ﬁ:ﬁ&d th.E % 353 E 8 wig.g:mrl::ix '#n %:w otA‘n lgw
ok Py *ég . 3,,.?.; Cgi Mach num- | of -tube : #:gt vfdzht
00 o ool pt ot o |ber after ron
Theory |Experi- |E 5o nleéed |48 ixperi- |before lafter the
St EA o] el Rl I s B
AA, ), 60,8 - 26680 - - - - - - -
|
AAydot s4.5 | 6245 | a5%0 | 488 | 491 | ome | 44y ;‘:‘;3; 8o | 75°40°
| a5 o12s
AA, 19,25 | 1941 | w40 | 4,92 | 1950 | 2,97 — | T | ey | 818
AB 54,8 ~ | 100 | 1048 | 120 | 2,31 3g° — | a3 | 185°%0’
]
8D 170 | 16010 | 2030 23,76 | 1200 1,8 86°%’ - 47°%’ ; 28°55’
BC,, 198 - 2610 - | = - - - - -
BC,,, 170 158410 | 3730 | 1448 | o8 | o8 | 21y | AF e | e

*In system of coordlnates connected with the shocks,

Decrease of pressure drop along front BC durlng transition to
lower flow lines, which was revealed by the transducers, 1s due to
the fact that temperature of gas flowing from region 1 1into lower
sections of the transverse front is higher than it 1s near point B,
since the corresponding particles of gas pass through the front of
the leading wave at points of higher prersure drop, The subsequent
adlabatic expansion of these particles to a pressure near pcint 3
cannct lead to total temperature balance before the transverse wave,

Maximum measured pressures in transverse wWave atfain 160 Py*
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In the schemes of flow without transverse detonation wave, pruposed
varlier by other authors, [43-14], the highest pressures, as we already
said, cannot in any variants considerably exceed 65 Poe These schemes
of flow are refuted also by the photographs of self-luminusity and

Toeplergrams given here.

§ 5. Acoustic Theory

One of the most remarkable properties of spin — the excepticnal
constancy of the step of the spiral describ2d by the transversc wave —
actually is not explained by consideration of the picture of flcow in
the region of the leading front, Change of frequency of rotation - f
spin upon the introduction of concentric inserts suggests a pousitle
influence of purely acoustic processes on spin, Inasmuch as the
tronts are localized near the walls, such lnserts cannot affect the
tront, but strongly change acoustic characteristics of the vclume
«f gas behind the front,

During the study of phenomena on the front, it is not possivle
to explain formation of the trail of the spin detonation which was
observed by Campbtell, During examining of photoscans on photographs,
there 1s revealed a system of bands of almost vertical direction (ser
Fig. 15a), which appears during repeated passage of the trall past
the slot. The nature of the actual trall has remained vague, Assump-
‘ions that the trail is formed by a rotating heated column of gas con-

rlict with the law of conservation of momentum, and, therefore, cannot

[
{

<~ currect,

The observed vhencmencn shcould be connected with increase of
temperature, inasmuch as there is sharply increased luminosity <« the
£1S Due to the faot that this phenomenon cannot be a rotating ons

+-lumn, it remains ¢ assume that in this case ther. cccurs rotati n
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of the region of elevated pressure which appears due to oscillations
of the gas.

Such an explanation of the phenomenon was given for the first
time by N. Manscn, Assuming that oscillations occur at natura?
frequencies of the volume of gas behind the front, Manson obtained
exceptlonal agreement between experimentally measured and calculated
frequencies of rotation of the spin [29, 3C]. However, in spite of
this, up to the appearance of works of Fay [31], who proposed an
analogous theory 1in 1952, the works of Manson were little known.

In his calculations Manson did not consider the possibllity of
occurrence of oscillations along the axis of the tube and considered
them to be completely transverse. Fay made an attempt to construct
a three-dimensional theory, but his reasonings concerning boundary
conditions along z are inaccurate, Actually he could not correctly
formulate the boundary condition on the detonation front [31].

The fact of the possibility of application of the linear wave

equation to a problem which 1s nonlinear in essence is itself question-

able; however, within the limits of the problem of determination of
frequencles, in spite of all 1ts 1lnaccuracies the theory gave excep-
tional agreement with experimental material, This awakened interest
in such an approach t . the solution of the problem of spin,

Iet us consider the problem in Manson's approximation, Let us
be limited to consideration of the two-dimensional wave equation fcr

velocity potential of a gas in cylindrical coordinates:

Kd SN IO I S R \
L+ +-t=1 . (2.17)

r ér ¢ JInr

Here y — velocity potential of particles of gas;

¢ — speed of scund in gas behind detonation wave front;

rand 6 — polar system of coordinates connected with the gas, “he pole

of which is on the axis of the pipe.
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Boundary conditions:

L 2 R—y
1. or L-&..m (2.18)
2. $(r. 8, 0)],_,<A (bounded); (2.19)
3. $(rn 9, ) =g(r, 44+ 2, 0)— (2.20)

is periodicity with respect to 6, RO is radius of the tube.
We seek the solution of equation (2.,17) in the form of the pro-
duct

V=@ (§)R(r)T(1). (2.21)
Substitution into (2.17) glves

.o
R

E—1

1 R 1
tr Rt e T a

*° LI
+ r

(2.22)

(derivatives with respect to the corresponding variables).
Inasmuch as the right side does not depend on coordlnates and
the left side dces not depend on time, we have
o

R . o 1 _ 1
R+rk+r‘ e o

=, (2.23)

where Xe = const,

Variables are separated, and equation (2,23) is broken up int:c
two:

T+ % T =0 (2.24)

ana

o . 1P e -

P —_— = — AL .25
P S (2.23)
In equation (2.25) variables are alsc separated:

r R L X
pr v —-_ % _ n o~
2 +r R e A o al. ¢
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We distinguish two equations:

R. ’R' .
r‘—-R---}-—R-—--}-).'l"—n’:O (2°27)
and
@ +40 =0. (2.2¢)

Gerieral solutjon of equation (2.28) has the form:

= +a'. (2.29)
Here Py and p, are roots of the characteristic equation
i atmt, (2.30)
where n is a real number,
From (2.,50) it follows that
Pr=iR, py= —in, (2.21)

therefcre solution (2.29) has the form

Qe sinnb4cycosal, (2.32)
The conditon cf periodicity (2.20) can be satisfied only if n is
an integer,
Equation {2.27) by replacemnt of Ar = y 1s reduced to Bessel's

equation
PR+ W + (P —a) R =0, (2.33)

General solution of this equaticn for whcecle n is obtained in the form

R=clGr)+ e Y, (0}, (2-}"’)

where J - Begsel function of 1-a8t kind and n-th crder;
Yp — Besse)l functiocn of 2-nd kind and n-th order.
Frocm the boundedness of p as r - C 1t follows that ¢, = O,

Fror condition {2.18) we cbtain

&8




T, (2 Ry) = 0, (2.35)

i.e., quantities X, R, are roots of equation (2.35), where A —K-th
value of A, satisfying equation (2.35).

General solution of equation (2.24) has the form
T=csinky, ct +cocosn,ct. (2.36)

Thus, the complete solution of the equatlon for potential 1is
written as

,:,,221,(1,,') [ cos (a0 +dyyct +@,) + (2.57)

4 ¢ cos{ab— Mot — )],

where wo, ’1’ ¢2’ ¢' and ¢" are constants.

Characteristic numbers n and k indicate respectively the number
of waves, contained with change of 6 by 2r and of r from 0 to Ro.

Thus, the sclution of equation for veloclty potential for glven
n and k describes two waves rotating in opposite directions with
angular velocity Aknc; n determines number of antinodes of pressure
on periphery of nipe in one cross section; k determine number of
antinodes of pressure during motion away from center of pipe along
the radius,

Angular velocity of rotation of each cf waves contained in
formula (2.37) can be obtained by differentiation of the argument of

the cosine with respect to time:

a9 _ ¢ a
2= (2.29)

Linear velccity of motion of wave on the wall
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I 1t is considered that transverse disturbance in detonation
front rotates with the same frequency as the antinode of acoustlc os-
cillation behind the frcnt, then angle of inclination of spiral
described ty the head to the axis of the tubes will be determined

from relationship

o= =S (2.40)

For one-headed spin detonstion, there is one singularity along
the radius and one along the clrcumference of the pipe. This corres-
ponds to the case n = K = 1, Then A Ry = 2,,R) = 1.84,

As we saw In Chapter I, the value of speed of sound behind the

detonation frcnt 1s not unique; for the mixture 2C0 + 0, it 1s equal

2
to

¢, =0542D and ¢,=0,571D;

ratlio of step of spin to diameter of tube —

ge

§=
Corresponding to the two values of speed of sound, we obtain
Qe = 3,16 and qf = 2,99, Experimental values llie near the calculated
values (see below, Table 3).

Frequency of spin is determined from the relation

" = %:‘—; (2.41)

frequency of spin in a volume with & concentric insert for the case

R
ﬁg < 4 is determined by the following approximate formula [32]:
1

T R Rt Ry (2.42)
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Table 3,

Diameter of tube, mm -

Index 3,62 14,5% 14,7 20 | 23,0 28,4
L Diamster of insert, mm°®**
0 0| 60| 0 80| 831 98| 0 {1801 O-| 4,0 0
Experiment | 148 38,21 20,6 | 39,4}32,6|31,5(28,3|25,6|17,1{23,9{ 21,8 2.0
Frequenoy,
kilosyoles -

: Theory 152 |1 37,912,3{37,3,3,3|2,0!24,7]|24,9117,1]23,9| 22,1 21,6
satio of | Dxperiment| 3,23 | 3,12 4,03 2,08 [ 3,61 [3,73 | 4,15 | 3,07 | 4,60 ]3,15| 3,50 | 2.9
s.ep to -
diameter ]

Theory |3,1513,15[4,07]8,15]|3,88(4,52]4,30]3,15|4,60]3,15 3,40 3,18
Souras of experd- | sl | @Bl e el s |

*Experimental values of frequencies are calculated by ratios of
step to dlameter which were given in the work of Manson [30], which
is in the literature 1list to Chapter II.

**Experimental values of ratio of step to dlameter are calculated
by the frequencles given in the indicated works,

s+#Frequencies of spin for experiments with inserts were calculated
by the approximate formula (2.42

where RO — radius of tube;
R1~— radius of concentric insert,

In point of fact, Manson found only natural frequencies of trans-
verse oscillations of gas behind the detonation front; the cause of
appearance of such oscillations remained unexplained., Furthermore,
in the theory of Manson, there were not at all considered longitudinal
waves, although they indisputably can affect transverse frequencies.

An important contribution to the understanding of the nature of
the trail was made by Chu Boa-Teh [33]., Let us consider certain of
the most important results of his work, Chu Boa-Teh investlgated
small linear oscillations of parameters of the gas near average values.

Py» Pqs Ti’ determined by the state of the gas behind the detonation

front, Let us select cylindrical system of coordinates r, 6, z, which
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is connected with the detonation products. Let us assume that axis 2z
coincides with axis of pipe and 1s directed in the direction of the
front., Then relative to the selected reference system the detonation
front moves with velocity Uy, and its position is determined at any
moment of time by the relation z = “1t + ¢(r, 6, t). (¢ deslgnates
a certaln small deviation of the surface of the front from the average
position).

As Chu Boa-Teh showed, the influence of some source of distur-
bances rotating in plane z = G with angular velocity w on the gas be-

hind the detonation wave front can be written in the form

A(r,'o.'t)—..-..z-.g b 0, (aar). (2.43)

Inasmuch as there 1s formulated a linear problem, it 1s suffi-

clent to consider the influence on the gas of one of the components
of this perturbation, The wave generated by such a component in the

region z < 0 is written

o n=t . A, T BTRN
1Y g N . pe Y .
V|___:'L
. | o (2.44)
X JyGaat).

Here hyn — constant coefficlent, determined by properties cf
the source;

6. — deviation of pressure from average level Py
k and n — integers;

RO -~ radius of pilpe;
— speed of sound behind detonation wave front;

— natural frequency of transverse oscillations, which

©gn
satisfies the relation

e = haa ;. (2.45)
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The value of K can be determined from equation

=" (]
-x...—;-.- l-—u.,’.. (2.46)

Behavior of wave (2,43} in region z < 0 deperls on the relation-
ship between Dyen and nw, If no > Wy e We have an undamped wave
propagating along z, With approach of nw to O the wave depends on
z less and less; for nw = Dy K= 0 and oscillations become purely
transverse,

When nw < Wy ? the quantity ® becomes imaginary and in the expo-
nent of the exponents function there appears a real part., It is

possible to see that in this case the wave constltutes transverse

@0

osclllations attenuating along z. For fixed w < -%33 the wave atten-

uates by e times at a distance of Zo = O®
Further, Chu Boa-Teh considers the gas behind the supercompressed

detonation wave (u1 < ci). If from the region after the front there is

incident a sonic disturbance onto the detonation wave of the following
form:

2= Al ), (2.47)
N

that the wave reflected from the front willl be described by expression

p \ ad w! 5
(;ﬁ")m—ane Je (Maa?). (2.48)

Here Akn and Bkn are constants determined by the boundary conditions;

Rl and k, are giver. by relationships

. Cw L
iy '/'- o’ (2.49)
x,:.._“.!.._‘/|_,_:’2., (2.50)

'S .g

It 1s possible to show that Wy = By s if mi =® and that

3

S - AR ———- .
m‘h TE ‘g"m‘?’nf‘ = PR~ - e ———
S Biaaaliel  J5




b

~ P> ..

NIy Y

P

92+M2

w2
kn
A ' Af wi-ﬂ Wy s

1M

ngsa%—
1

where
Qiu;—x|u.-q+x,u.. ( 2.51 )

Quantity §{ 1s frequency of perturbations appearing on the front; M1

is Mach number after the front,
From relationships (2.49) and (2.50) it follows that for w, =

wi = W oscillations in both waves become purely transverse,

In the solution of Chu Boa-Teh, the form of the reflected wave
does not depend on boundary conditions., Therefore, 1f on the de-
tonation front for some reason there appears a perturbation rotating
with angular velocity Q and containing only one harmonic, the form
of the wave generated by it in the gas will be analogous to (2.48).
Let us note here that this will also be valid for M

1
as such a value of M1 is not pecullar to a wave proceeding from the

= 1, inasmuch

front, During spin detonation, such a perturbation is a transverse
front, and waves of type (2.48) form the trail.

It is necessary, of course, to consider that the transverse
front radiates not only the basic harmcn! but also frequencles,
which are multiples of Q (inasmuch as with respect to 6 the phenomenon
is period). In the linear theory, amplitude of oscillations of gas
after the front tends to infinity, when frequency cf{ the exciting
force approaches resonant frequency , . It is possible to show
that 1f the source of oscillations has a discrete spectrum of fre-
quencies of form nfl, then resonance can be only at one frequency;
i.e,, if one of frequencies n*Ql differs from one of the natural fre-
quencies w, ., by 4 = C, then all other n{l will differ from corres-

ponding O n byfinite amounts. This it is easy to see from the fact that
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an’ which determine the value of Dy form a monotonic increasing

sequence such that (X

k, n+1 ~ “k,n)Ro > 1 &nd 1m Ry(Xy o = Xy 1)
n=-—o

= 1, while nd are frequencies equidistant from each other,

If we now assume that frequency of rotaticn of the perturbation
on the front is close to0 a certain natural frequency Wy s We may
assume that in the first approximation there arz excicved only oscil-
lations, corresponding to this frequency. During one-headed spin de-
tonation n = k = 1, With full coincidence of frequencles  and @, 49
the solution for the region behind the front constitutes an acoustic
wave, which 1s parallel to the generatrix and which rotates with
velocity fl.

If coincidence of frequencles 1s incomplete, it 1s possible, by
using the soclution of Chu Boa-Teh to calculate angle of inclination
of the trall to the generatrix of the detonatior tube, According to

equation (2.48), for n = k = 1 lines of constant pressure are given

at a fixed moment of time by expression

.—'x!z'-MS'. (2.52)

which determines spiral lines with step %1 . Angle of spiral with

2
generatrix is given by the relationship
or in terms of frequencies
--m{—’-Vr—-!.. (2.54)

Using (2.50) and (2.51), we can obtain the quadratic equation

for w2:

(1 - M) - 2w, + (94 M,w}) =0. (2.55)




———

For Chapman-Jouget detonation (M; = 1) we have

o= Ttk (2.56)
for M; # 1
. )
l.*u,'/ pp—_ | Y 1}
=2
= (2.57)

(the plus sign 1s eliminated, inasmuch as w, < ).
For a one-headed Chapman-Jouget spin detonation, by substituting
(2.56) into (2.54), we obtain after simple transformations

g M) (259

Now it 1s easy to obtain an expression for € in terms of speed
of detonation, angle a of trajectory of head with generatrix and
radius of the pipe. Frequency of rotation of head 1s determined by
the evident relationship

Dige
= (2.59)

and natural frequency w i1s establlished from (2.38). Putting these

11
quantities in (2..,), we have

. e -4, R4 .
s = "d' "‘E:‘ * (‘-.60)
Consideration of phototraces of spin detonation shows that if
the trail 1s inclined to the generatrix, these angles of inclination
are small. From (2.54) it follows that in this case frequencies 0

and w,, almost coincide; i.e,, oscillations almost do not depend on z.

11
This explains the exceptional coincldence of frequencies calculated
earlier by Manson with experimentally measured frequencies.

Detailed measurements of frequencies of the trail of the spin
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detonation were conducted by R, I. Soloykhin and one of the authors
[54, 35]. For the investigation there was used a method of photo-
recording similar to that applied by Campbell, Photographing of the
process was produced on film moving with speed of about 100 m/sec.
Between the photographed object and the photorecorder there was in-:
stalled a screen with a slot with width of about 1.5 mm located per-
pendicularly to direction of propagation of the detonation wave, In
this case the trall was projected onto the film in the form of a
luminous point being displaced in the opening of the slot. As a
result of addition of moticn of the image of the trail in the siot
to that of the film cn the latter there were traced certain curves,
according to which, for known speed of the drum, 1t 1s possivle t»
calculate speed of the luminous object 1itself,

For distinguishing the brightest luminous details, between slot
and objective there was placed a dense blue light filter and -here
was used film RF-3, which possesses a spectral characteristic shirfted
to the region of blue rays,

In experiments there was used the mixture 2CO + 02, which was
obtained by mixing commercial oxygen with carbon mcnoxide., Carbon
monoxide was obtained by reaction of sodium formate with sulfuric
acid. The mixture was held under water and was used not earlier than
i hours after mixing.

Experiments were conducted in glass cylindrical tubes with dila-
meters of 14.5 and 22 mm, For change of acoustic characteristics of
the volume of gas, in a number of experiments on axis of tube there
were placed concentric brass inserts with diameters of 6 and 1% mm,

Phototracings obtained in cur experiments had the form of sine

curves. Measurement of period of <urves gives velocities cof ruotntion




of the trail, Typical phototracings of the trail are shown 1in Fig. 25.

—
D o
= =

€-J
—
—— — Fig., 35. Phototracings of trail of spin
Q.. = detonation in a round detonation tube,
§ a) tube is not destroyed; b) tube 1is de-

atroyed at a distance from the front of

D about 12 diameters of the tube,

Analysis of the phototracirgs showed that peripheral velocity
of the trail in the case of tubes without concentric inserts is clcce
to 1,730 m/sec,

Investigation of spin detonation by pressure transducers showed
that changes of pressure in gas behind the front occur continuously,

almost by a sinusoidal law, where amplitude, which attains in the
initial stage of the process a

magnitude =60 Py, 1s lowered in 2-3

* | periods to a magnitude =30 P, after

A
.

Fig. 36 08§iliog”am of which it practically does not change

pressure in the trall. Cscll-
iogram time marks are every
10 usec.

wntil the end of the scanning; time
of scanning 1s 400 psec (Fig. 30).
The continucus character ¢i change of pressure at distances from the
front exceeding the dlameter of the pipe shows that the trail 1s not
2 shock wave,

Measurement, usocording to experimerntal data, of frequencies of
rotation of the spin shows very good agreement with calculated natural
frequencies, 1iIn Table 3 there are given results ¢f compariscn of
theory and experiment accerding (o our data anc data of other authors.

Thus, it is possible tc consider 1t (C be established that the

8




traill formed after the head of the detonation 1s an antinode of
tangential acoustic osclllations rotating with fregquency determined
by formulas (2.41) and (2.42),

With departure from the limits, on the detonation frcnt there
appear several heads. As we will see further on, for a many-headed
spin, frequencies of rotation of the heads within definite 1imits alsc

coincide well with that calculated according to acoustic thecry.
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CHAPTER III

MULTIPLE-FRONT DETONATION

Definitions of Cyrillic Items in Order of Appearance

ra3r = dis = Jiscontinulty
X

J = Jouget
cp = 8V = 8average
u/cex = m/sec

pl = plane

nan

MM = mm

§ 1. Nonuniformity of Detonatior Iront
' Far from the LImits

Noncorresjonience between the real structure of a detonet! r
wave and the one-dimensisnal theory was revealed for the first time
near the limits in the discovery of the pnenaomenon of spin det nat! .n,
whicn was considered in the preceding chapter., However for & lon.s
time there existed the conviction that spin phenomena exict -nly In
a small region of irnitlal conditicns adjacent to the limit,

The impetus for further intense investigation of the stru-ture
af the detonation front was the arplication of the "trace” math i
?his‘method for the first time was usec by Mach [1] “or swu:y 7

tnteractions of shuock waves, It consists 2f the fcollowing: the weplic




of a glass tube are covered inside by a smooth semitransparent lay r
of soot. If through sucii a tube there passes a shock or detonation
wave withy shar) nonuniformities in the front, then on the oot there
remain traces of' the motion of nonuniformities adjacent to the wail,
There is also printed clearly the line of head-on colliision of shock
or detona.lon waves,

In 1957-1959 Yu. N. Denisov and Ya. K. Troshin with the help of
the trace method established that the detonation front even of such

easily detonating mixtures as 2H2 + 02 and 02H2 + 2.502 at all investi-

gated initial pressures (up to 900 mm Hg) contains strong transverse
perturbations, which trace on lateral walls of tube a network of
intersecting helixes with identical step [2, 3, 4]. With increase

of initial pressure, the number of lines 1s increased, and accordingly
there decreases the average dimension of cells of the network formed
by them, Traces of the nonuniformities are also imprinted on the
sooty end of the tube, Characteristic imprints are shown in Fig. 37.
The winding trace along the circumference of the tube, which is obtained
as a result of encounter of the detonation wave with the shock, made
it possible to conclude that the detonation front undergoes a break

in the region of every transverse perturbation,

After the first experiments of Yu. N, Denisov and Ya. k., 'l'roshin,
we conducted a photographic investigation of the gas detonation front
in tubes [5]. The scheme of the experiments is depicted in Fig. 38.
Front of detonation wave AA propagating in the glass tube was photo-
graphed on moving film through a narrov slot, Angle 9 between axes
»f the obJjective of the photorecorder and the detcnation tube was

. 0
M;O in one series of experiments and 90~ in another seriles.




Distance between slot and objective was such that there was satisfied

the relationship
Dsing = kv,

wherc D — speed of detonation;
k — ratio of reduction of objective;

v — speed of film.

GRAPIIC NOT
REPRODUSIBLE

Fig. 37. Trace imprints of detonation waves on sooty walls. a) mix-
ture 2H, + 0, (lateral wall of tube d = 45 mm, Py = 120 mm Hg), b)

mixture CH, + 2.50, (lateral wall 4 = 28 mm, Py = 25 mm Hg); c¢) mix-
ture 02H2 + 2.502 (end of tube, Pg = 100 mm Hg, increased by 1.5 times)
d) mixture CQH2 + 2.502 (imprint on wall of spherical retort; Py =

= 100 mm Hg, increased by 1.5 times.

Fig. 38. Set-up of
experiment during
photographing of
detonation wave front.

1) detonation tube;
2) screen with slot;
3) photorecorder - the

arrow indicates the
direction of detonation.




Photographs obtained in such a way (Figs. 39 and 40) differ from
instantaneocus photographs of the detonation front, since motion of
film compensates for only the
forward velocity of the front

as a whole; however, separate

details of 1ts structure passing
past the slot are photographed at
consecutive moments of time; thus,
their relative position can change.
Photographs made at 9 = 90O

in mixtures 02H2 + 2.502 and

REDDANIAIN =

2C0 + O2 + 5% H, show that the

the strongest luminosity is con-

Fig. .  Photographs of detona-
tign 52ve frontginpmixture centrated in a narrow layer
ECQHQ + 502‘ a) Po = 6 mm Hg; adjacent to the front. Apparently,

b) pn =9 mm Hg; c) Py = 15 mm
Hg; d) bg = 35 mm Hg. On the
left ¢ = 450; on the right ¢ = cally all of the gas. In the

in this shell there burns practi-

= 90°. plane of the front, luminosity
is distributed nonuniformly: there are seen sharp nonuniformities in
the form of a network of brightly luminous bands,

It is obvious that trace imprints on sooty walls of tube are
formed as a result of interaction of nonuniformities observed on the
photographs with the wall. By the angle between direction of trace
and the generatrix of the tube one can determine speed of nonuniformi-
ties in transverse direction. It turns out to be between 0.6D and D,
where D 1s speed of detonation, 1i.e., the considered nonuniformities
are strong transverse perturbations propagating along detonation

wave front., The bright glow of gas in the region of transverse
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The last imprint is obtained on the sooty walls of a glass retort
with diameter of 120 mm; ignition was produced in the center.
Nonuniformities observed in detonation front indicate that one-
dimensional flow between plane shock front and Chapman-Jouget plane
is unstable, i.,e., small initial perturbations appearing due to
different random causes are inadvertently increased and destroy the
"normal" detonation wave,
The question of existence of gas mixtures in which the front
o¢ the independently propagating detonation wave is smooth (geometric
“orm does not necessarily have to be plane) is of fundamental
{mportance. Strong nonuniformities of the front were revealed in
af{+ mixtures investigated by ut, and also by other authors [2-T7];
2H2 + 0

o1 H2 + 302, 2H2 + 02 + xN2, C2H2 + 2.502, C2H2 + 302 + 15A2,

Do, + 2.502 + xN2, 2C0 + 02, 2CO + 02 + tz, CHu + 202, where x

[ 5% o

chunged within a wide range. However, the final answer to this
Gu-stica «an be given only by a theory of stability based on data
" atout the mechanism of the chemical reaction.

Tre question about stability of a plane detonation wave was
investisated by K. I. Shchelkin [8] and R. M. Zaydel' [9] in the

model represented in Fig. 41, It was assumed that

" during period of delay T the ratec of reaction is
alu
equal to zero, and upon the expiration of time 7
Abuwl the reaction passes instantly and state 2 is attained
Aefy o

Fig. 41. Model “ith & Jjump.

of detonation
wave according Qualitative reasonings of Shchelkin lead tc

to (3, 9. the following: If combustion front (x = uit) is

accidently distorted, then in protuberances turned in the direction

of reaction products there occurs adiabatic expansion of gas which

—— SRS Ry



has still not reacted from pressure 1., to nressure Pos which 1s

1
accompanied by lowering of temperature and increase of period of
delay. In protuberances, turned toward shock front, there appears
local supercompression of reacticn products as compared to undisturbed
state 2; this leads to temperature rise and decrease of Tt before the
protuberance, Considering that inatability occurs when change of

delay of ignition due to adiavatic expansion of gas from region 1 to

pressure p, is a quantity of the order of the actual delay, K. I.

Shchelkin obtains the following criterion of instability of a plane

detonation wave:

T, ['-(,.) ]>l (3.1)

where E — activation energy.

For Chapman-Jouget detonation under normal initial conditions
Pa

5o = 1/2, and quantity y which is average for states 1 and 2. is
] =
close to 1.3. Substitution of these values in inequality (3.1) gives

_E_ .17
nr.>” (3.17)

The above presented considerations of K. I. Shchelkin, of course,
are also vaiid for supercompressed detonation. However, they have
a purely qualitative character, and the quantitative value of crit rion
(3.1) 1s doubtful.

R. M. Zaydel' conducted a more rigorous mathematical investigation

of stability for the same mocdel of the detonation wave for u, - Coy

i.e., for supercompressed d-tonation and Chapman-Jouget. The
characteristic equation ottained by him has not completely been
investigated, but from it there have been derived certaln sufficient
conditions of instatilityv. 1In particular, for Chapman-Jouget detona-

tion
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1M+(7—l)N>—§"—:—"-[2~:+V ?m—n]. (3.2)
where
T=T1=1:

M =___(L_’L"" >

diap L-h O

N:-ML'
lhf =P r-r..

Here f(p, T) is a function expressing dependence of chemical reaction
rate on pressure and temperature,.

The approximation of Zaydel' coneists of the following: the gas
in region 1 is considered to be nonreacting; kinetics of the reaction
is taken into account only through the dependence of changes in 7
in the perturbed front on M and N.

If chemical reacticn rate i1s described by equation of type (1.19),
then

- &g .
M=m, N—RR'

substituting these values of M and N, and also y = 1.3 into inequality
(3.2), we will obtain

l,3~+03——:,,—‘>i,9. (3.2')

Inequality (3.2') means that plane detcnation front in the
Chapman-Jouget regime in practically all gas mixtures 1is unstable,
As 1* 18 known, in most cases the mechanism of gas reactions is the
chain reaction. Effective activation energy of total reaction should
be close to activation energy of that elementary reaction which is
the basic supplier of active centers. For a reaction with unbranched
chains this is the reaction of origin; with tranched chains this is
the reaction of branching of the chain, In all cases effective activa-

tion energy is several tens of kilocalories per mole.
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Considering that RTq{ = 5,000 cal/mole (usually this value is
less), we see that for a reaction of first order with respect to
pressure (m = 1) inequality (3.2') is satisfied at E > 10,000
cal/mole, and for reaction of the second order (m = 2) — even at
E = 0. Let us remember that inenuality (3.2') was derived ty Zaydel®
only as a sufficient condition; the real boundary of stabilit*y,
however, has not been found. Therefore, boundary values of M and &
(and, consequently, n and E) can be less than those determined ty
inequality (3.2). Criterion of Shchelkin (3.1) gives considerably
larger values of E; 1.e., it covers a still smaller part of the reazl
region of instability,

For supercompressed detonation, R. M. Zaydel' obtained also a
certaln sufficient condition of instability, rut for small super-
compressions it is not satisfied. Considering the question about
influence of supercompression on stability of a plane front, we will
use the criterion of Shchelkin which has more general character.
With increase of speed D of detonation wave, temperature T1 behind

the shock front is increased approximately oroportionally to D. and

quantity (;é\ l%l accroaches to 1. Therefore, the left side orf
1&-

inequality (3.1) rapidly decreases, and for a sufficiently high degrec
of supercompression the vlanc detonation front will be stable., This

is clear from simole consicderations: with increase of suvercormyression
the detonation wave tecores similar in its properties to a shock

wave, since releaseéd chemical energy composes & smaller and smaliler
“raction of the total internal energy of the gas behint the frout;

a shock wave without chemical reaction, as it is known [10]. is

stabie,

Yor quantitative estimate of minimum speed at which plane ‘ron®

F 3



For -uantitative estimate of minimum speed at which plane front
becomes stable, criterion (3.1) is unsuitable. Thus. R, E., Durt (7],
photographing on motionless film the sooty wall of the tube at the

time of passage through of a detonation of the mixture CQHp + 30. +

+ 15A2 at Pg = 50 mm Hg, recorded traces of transverse perturbatulons
during supercompression with respect to speed of 1.75 times. lor
this case the left side of inequality (3.1) turns out to be consider-
ably less than 1; nonetheless, the front turned out to te covered by
transvergse disturbances, Jjust as in the absence of s'ipercompression,
Apparently, condition {3.1) for supercompressed detonation, just as
for Chapman-Jouget detconation, is too strong; the real regilon of
instability is considerabhly wider. Furthermore, it is possible to
assume that near btouadary of stable reglion there occurs unique
hysteresis; 1.e., if the supercompressed state corresponding to a
smooth front which 1s stable relative to small initial perturbations
is attained by gradual transition from the region of instability,
then strong transverse perturbations can be retained without attenua-
ting.

Instability of smooth front of detonation wave shouid be retained
up to very high initial pressures of the mixture, quantities contained
in inequelities (3.1) and (3.2) weakly depend on prvssure. Nonuni-
formities of the detonation front are experimentall, revealed by the

track (or trace) method in mixture C2H2 + 2.502 up to initial rressure

of more than 1 kg/cm® and in mixture 2H, + O, up to 3 kg/em’ (=, &].

In the firet case the dimension of nonuniformities was =0.1 mm, which
was at the limit of resolution of the trace method. It !8 necessary

to think that improvement of the method would permit us to observe

nonuniformities also at considerably higher !nitial pressures.
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With increase of initial temperature of mixture TO, T, also

1
increases; accordingly magnitudes of left sides of inequalities (3.1)
and (3.2) decrease, However, up to very high values of T» the plane
front remains unstable, Before the front of the spin transverse
wave, temperature 1s about 1,100°K; behind the trancverse shock

front — about 2,800° (transverse wave 1s supercompressed). Nonethe-

less, trace of transverse wave on sooty surface of tube during spin

.

detonation of mixture 2H2 + O2 reveals

perturbations on the actual transverse
front ([2-4]; see also Fig. 42). tor
mixture 2CO0 + 02 + % H2 nonuniformi- ie.
in transverse front c{ steady-state s:!r.

‘Fig. 42, Trace imprint of detonation could not te detected vuy
spin detonation at Py = 25

mm Hg and d = 45 mm. Mix- the authors. In the non-steady-state

ture is 2“2 + 02' Traces regime, when transverse front became

of nonuniformity of the

transverse front are con- anomalously wide, traces of nonuniformi-
spicuous.

ties in it were very clearly recorded.
The above described instability of smooth detonation front
appears only with respect to initial perturbations whose linear
dimensions along the front are comparable with width of reaction zone
A = ulf. R. M. Zaydel' showed that initial perturtations with
dimension

Ay D> X or Ly << A (3.3)

attenuate; i.e., with respect to them the plane front is stable.

This result is understandable, since for ay >> %\, convex sections

of the {ront are scrmewhat decelerated, and concave sections i{ncreasc
their speed, araiogously to divergent and convergent detonaticn waves

in conical tutes, and the front is smoothed; small-scale perturtaiions

n




(0y << 1), however, in plane of combustion front exponentially attenu-
ate in the direction toward the shock front., The shock front itself
is stable.

Stability of detonation wave with respect to large-scai¢ rertur-
bations 1s known from experiment: in tubes far from the limits of
detonation (d >> )A), the steady-state front always 1is perpendicular
to axis of tube and is photographed as plane if nonuniformities
comparable witl. A are indiscernible or. the fiin (see Fig. 39g, h and
401); form of front of spherical detona.‘on is _lose to geometric if
we again disregard nonuniformities of the order of ).

The plane detcnational front should be stable in a tube whose
diameter is conciderably less than width of reaction zone. However,
for d << A, the detonation wave cannot propagate independently due to
losses on the walls, Limiting diumeters of pipes in which unsupported
detonation still does not attenuate turn out to be comparable with
widtn of reaction zone, Urder these conditions plane front is |
unstable, which inevitably leads to formation of spin. With departure
from the limits, the possibility of appearance of initial perturbations
with dimensions oI the order ¢f A 18 not all eleminated. Therefore,

instability is retaincu,

In a more exact mathematical fornulétion, stabllity of a plane
stationary detonation wave with respect toAsnall perturbations was
investigated by V. V. Pukhnachev [11]. Thus 1t was assumed that {low
in combustion zone 15 described by the model of Zel'dovich (see
Chapter I). Considering that small perturbations of flow represent
superpogition of cylindrical harmonlcs, he studied the vehavior of
a separate harmonic. In this case, equation of porturbed discontinuity
surface has the form

Ty = 2 Ryexp{n RS'ct + in o)l irarRS'),
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where p is a complex parameter, and el << 1.

The problem of detection of small perturbations is reduced to
a certain eigenvalue problem for a linear system of ordinary differen-
tial equations. The presence among the set of eigenvalues of at
least one with Rep > O signifies instability of fundamental solution
of equations of hydrodynamics and kinetics describing propagation
of a plane stationary detonation wave,

It tvrns out that at n = 0, X\ = 0 1s an elgenvalue of the problem,
The eigenfunction corresponding to the value A = O described pertur-
bation obtained by basic flow during shift of the front along axis
z, _

We will designate 6 = xoRai, where x, 1s effective width of
chemical reaction zone,.

0f great interest 1s the finding of eigenvalues with Rep > O
and the investigatlion of their dependence on the quantity 6. For
this purpose there was conducted calculation on an electronic computer

for the following values of parameters: %T— =8, m=1, y=1.2,
J

Dependences of p-on 9, xkn i1s as follows:
. p= lnf(un)-
where f 1s a certain complex-valued function.
Fixing the value k = 1, we willl designate w, = klnf(bxln)
and will set n = 1.

For & = 0,475 there exists elgenvalue with Repy = O, Imy, = 1,887,

With increase of b, value of Imu1 monotonically decreases, and value
ot Rep.1 at first increases and then starts to decrease, and, finally,
at b = 1.35, becomes equal to zero, Dependence of quantity ey ON
. 1s depicted in Fig. 43 by the solid line.

At & = 0,557, in half-plane Rep z O there appears another
~igenvalue, which disappears at & = 2.15. In Fig. 43, to this eigen~
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velue there corresponds the dotted line.
At © < 0,475 there sre no eigenvalues with Reglz o, Imu1 Z 0.
But if one we go over fromn = 1 ton = 2, then we will obtain My =
-1 o
. K = i = » L7 Oo
11 k12X11) and at 5 = 0,475, the quantity Ref = 0.009 >
ith further decreuase of © the velue of Reug monotonically decreases,

= Aot (B2

and at & = 0,287 becomes zero. In Fig. 43 this dependence 1is
depicted by the dot-dashed line, At ¢t = 0,287
g there occurs transition fromn = 2 ton = 3.
With further decrease of b, the descrited process
can be continued without limit.

Analogous calculations were conducted for

E = 0 in a wide range of change of 5(0.35 <

RPN 4.2). It turned out that in the region

0 2 Rem Rep 2 0, |Iwu| s 6,2, eigenvalues are lacking.

'Fig. 43. Results However, excitation of oscillations of gas with
vof numerical cal-

culations of very high frequency is physically doubtful, Thus,
instablility c¢f a

plane detonation at low activation energies, the plane detonation
wave by V, V., v

Pukhnachev, 1) wave 1s apparently stable,

b =0.287; 2) b =

= 0.557; 2) © = It 1s interesting to note that at large

= O.u75; 4 6 =

= 0.475; 5) & = values of parameter ana’ elgenvalues with

2.15; 6) 6= 1.35.

Rey > O dc not exist., Hence, in particular, it
follows that 1n a pipe of sufficiently smell redius, a plane detona-
tica wave in the consideved model is stable with respect to small
perturbations which are not one-dimensional.

In virtue of instabllity of one-dimensional detonation wave, there
1s produced a more complicated three-dimensional structure of the
front with strcng transverse perturbations, Near limits of detcona-

tion in the tubes there exlsts a single perturbation in the front —
a spin transverse wave. Its structure is considered in Chapter [I.
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With departure from the limits, the number of transverse perturbations
is increased. Subsequently, we will also call them transverse waves,
without making beforehand any assumptions about thelr structure.
Later it will be shown that their structure in many cases 1s analogous
to the structure of a transverse vwave during spin detonation,
Intersecting each other, transverse waves form in the front a
characteristic network, which is imprinted also on sooty enas of the
tubes. Comparison of trace imprints for different mixtur:is (seec ¥ig.
33) shows that qualitatively they are completely identicai, Coxseé
quently the structure of transverse waves in various mixtures i
identical., The difference lies only in their characteristic ¢:men-
sions. As the basic characteristic dimension we will select the
average distance between transverse waves, moving in one direction
along wall of tube. Let us designate it by a.

Quantity a 1s the most simple, and can be measured exactly by
the imprints on side walls of the tube as the average distance
between spirals in the direction perpendicular to the generatrix.

C:i the end imprints or phctogrephs of the front, the characteristic
dimrnsion is the average linear dimension of cells formed by the
intersecting transverse waves. Average dimension of cells in detona-
tion front is defined as the quantity a. Therefore, subsequently

for the characteristic of any detonation with transverse waves

far from the limits, including spherical waves, we wlll use quantity
a, defining it as the average distance between transverse waves of
one direction, or the average dimension of cells in the detonation
front,

During steady-state detonation in a tube of sufficiently large

diamemter, a depends only on composition and initial pressure of the
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mixture. Influence of d becomes noticeable only when a is comparable
with d. In Fig. 44 there are given photographs of detonation front
of the mixture 02H2 + 2.502 for

identical initial pressure in

tubes of various dlameters. In

the spherical detonation front
[6] of sufficiently large radius,

dimension of cells is the same

a8 in wide tubes., This one may

Fig. 44. Photographs of detona-
tion front for identical initisl well see on photographs c and

pressure and various diameters
of the pipe Py = 20 mm Hg. a) d of Fig. 37.

d =15mm; b) d =21 mm; c) 4 = The dependence of & on
= 42 mm,
initial pressure, which 1is

constructed in lecgarithmic coordinates, is close to a straight line
(Fig. 45). Analytically, it can be expressed by a formula of the
form

A

a’-‘-—", (3.4)

Py
where A and v are constants for each mixture,

Results presented in this paragraph show that under usual
conditions, "normal" detonation with smooth front 1s not realized
in virtue of instability, and the actual front contains transverse
waves moving along it in different directions, Motion and collision
of transverse waves causes local pulsations of the detonation front;

therefore, Yu. N, Denisov and Ya, K. Troshin [9] called such a

*
detonation "pulsating."  Apparently, to the essence of the

*Phe term "transverse wave" was not used by authors of works [2,
4, 6]. They called transverse perturbations "breaks" of the shock
front or "oblique compression shocks" (0CS). As will be shown below,
they Imagined the structure of transverse perturbation not quite
correctly.




phenomenon there would best of all correspond the term "multiple-
front detonation," since along with the leading shock front there
appears a set of transverse fronts, which burn the mixture after the

secondary shock compression, This term we will use subsequently.

T N

(<

. 0 .
4 | \X.
N . .\\
) -
w5 20 2.5) P 0 20 20 gGp
a b)

Fig. 45, Dependence of dimension of cells
in tubes of large diameter on initlal
pressure (a — in mm; p — in mm Hg). a)

mixture 2C H, + 50,; b) mixture 2H, + Oy;

+ are experiments of the authors, O are
points according to works [2, 3].

The limiting case of multiple-front detonation 1n pipes, when there

remains only one steady-state transverse wave, 1s one-headed spin,

§ 2. Motion and Structure of Transverse Waves During
Multiple-Detonation

Transverse Waves in Flat Channels
Propagation of transverse waves in detonation front in general
constitutes a three-dimensional non-stationary gas-dynamic process
with chemical reactions whose kinetics for the majority of mixtures
still has been little studied. Therefore, i1t 1s natural to investigate

in the beginning simpler particular cases, and then to try to genera-

1ize them. Results of investigation of one of them - spin detonation —

already have been presented in Chapter II. Now we will consider 1in

detail multiple-front detonation in flat channels,

[




We will call a channel flat which is a narrow gap between two
parallel plates. Magnitude of gap © is chosen such, so that
characteristic dimension of nonuniformities in detonation front
exceed by a few times &, During observance of this condition, flow
of gas in detonation wave can be ccnsidered to be plane (two-dimen-
sional), 1.e., depending only on two spatial coordinates, Good
results are obtained for

Teeem (3.5)
where a — agverage distance between transverse waves of the same
direction.

For observation of the general picture of motion of transverse
waves in a flat channel, very convenient is a mixture of acetylene
with oxygen. Glow of transverse waves in detonation front of this
mixture considerably exceeds the glow of the reaction products, due

fuon to this it is possible to photograph their

trajectroles relative to walls of the channel
by a usual camera with open objective [5] (Fig.

46). A series of such photographs in flat

-
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1} *35' channels of different configuration is presented
2 3 in Figs. 47 and 48,

To pump

-l

Every transverse wave shifts together with

$\\

the front in direction of propagation of detona-
—‘—“'*d} tion, and simultaneously moves along the front

in the transverse direction. 1Its trace is
Cr 1s seoction along AB
depicted on motionless film in the form of a

'Fig. 46. Diagram .
of "flat" channel. luminous line, which forms angle a with direc-

1) base of channel,
2) glass wall, 3) tion of propagation of the detonaticn. There

camera,
are two families of intersecting lines corres-

ponding to transverse motion 1n two opposing directions; they form a




very regular network with diamond-shaped cells, absolutely analogous
to the network of traces on the sooty walls of round tubes (compare
with Fig. 37). Every transverse wave periodically undergoes head-on
collisions and reflections, 1Intense glow of transverse wave not only
at the time of collision, but also in intervals between them testifies
to continuous combustion of the mixture in it. Tangent of angle a
somewhat changes during the time between consecutive collisions;
however, its mean value, equal approximately to 0.6, in steady-state
detonation is identical along the entire length of the channel for

lines of both directions, and almost does not depend on initial

pressure of the mixture.

GRAPSIIC NOT
REPRODIICIBLE

Fig. 47. Photographs of detonation
in flat chann+<ls on motionless film,
Detonation proragates from the left
to the right.

»




With decrease of magnitude of gap at constant Pos» & increases,

and speed of detonation is lowered. Deceleration, obtviously, is due

to the growth of relative losses on the walls, Increase of dimen-

sion of cells is caused by decrease of rates of chemical reactions

due to decrease of temperature in the detonation wave. Furthermore,

there is possible a direct influence of the walls on kinetics of
reactions (for instance, destruction of active centers on the wall),
With increase of the gap, a and D asymptotically approach thin limiting

valucs, which are determined only by composition of the mixture and

its initial pressure,

Fig. 48. Photographs of detonat on in
flat cylindrical channel (photograph 1
was made by R. I. Solovkhin),

BLE

r
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GRAPHI NOT
REPROL:

Photographs in Fig. 47 and 48 also show motion of transverse

waves in certain transient detonation processes. During provsgaticn

of detonation wave in a narrowing channel, dimension of cells of the

network decreases, since detonation in this case tecomcs supercompressed

and temperature after its front 18 increased. Supercompression, as
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it is known [12], ls.maintained tor a certaln distance after the
detonation wave leaves the nar:o>wing channel and enters a channel
with constant width. This can be observed by the change of dimension
of the cells (photograph ¢ in ti;. 47). 1In an expanding channel,
cells are increased (photograrn bt). Turing flow of the detonation
wave around an obstacle or a projection (photographs d and e), there
are formed small regions where burning of mixture is carried out in
transverse waves having only on«< direction, i.e., without collisions.
After collislon of transverse waves after the obstacle or reflection
of these transverse waves from the wall after the projection, there
is restored the former picture of motion.

The exit of a detonation wave from a narrow channel into a wide
channel is accompanied by separation of transverse waves of various
directions (photographs e and f in Fig. 47 and photographs b, c and
d in Fig. 48). Thus if b/a, where b — width of narrow channel — is

less than a certain magnitude(é)win, and transverse waves, diverging

to the sides, do not encounter the walls sufficlently closely, then

the detonatlion attenuates. In ‘he :lane case

(L)_ha 10. (3.6)

If, however,-g g(%)min’ then afwer rolng into expansion the detona-

tion wave becomes a divergen: cyiindrical (wave photograph b in Fig.
48).

Absolutely analogous phenamena are observed during exit of a
detonation from a tube 1nto a volume., S, M. Kogarko, N, N. Simcnov
and Ya., R, Zel'dovich éstabli:hed that minimum diameter of tube

d at which there will be iorred at the outlet a spherical detona-

min

tion wave 1s related to effec:ive th!i~kness of detonation front in
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the tube by the relation

.i:—‘!-.—:cont«ls. (3.7)

) IDpO
P1Fq

momentum of the wave [13].

Here L = Tu, , where quantity I is experimentally determinzd

Comparing quantitles dmi and L measured ty Kogarko and others

n
with dimensions of cells in the detonation front for several different

mixtures (Table 4), we see that within limits of accuracy of
d

measurements, the ratios min and % are identicel for different
mixtures:
2 (5.8)
and
_f'_zq.& (3.9)
Table 4,
it [ mnn [ | ann [fe] £
CM,+2,50, 2,5 0,16 02 |12,5] o8
CyH,y+2,50,+ 1,250, 5,5 - 0,5 1ol —
GyH, +2,50, + 2,50, 12,5 0,77 1,0 |12,5]0,77
M3+ 0, 19 1.3 ‘r 1,6 nsi{ox™
CH, - 20} 2 = | a2 |wo| -

»*
According to [13].

Thus, for transition of detonatlon wave from channel with constant
cross section into a wide region, in the two-dimensional as v 11 as
in the three-dimensional case, it !'s necessary that in the cross

section of the channel there be contain2d & crrtain minimum number
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of cells, and that effective thickness of detonation wave be pro-
portional to average dimension of *h-~ cells,.

The last result is understandable, since combustion of mixture
is carried out in transverse waves, and thickness of detonation front
can be consldered to be of the order of average width of the trans-
verse fronts, which, as we will see further on, is proportional to a,

Delay of development of detonation in the direction perpendicular
to axls of tube for d close to d 4n» Which was noted in work [13],
is due to the fact that outmost transverse waves, which bend around
the edge of the tube, pass a considerable way without mutual collisions
along the attenuated shock front, and chemical reaction in them dies
down., Restoration of the detonational front occurs only efter
reflection of the attenuating transverse waves from external surfacqo
of tube. This process in the plane case is seen on the photograph
of Fig., 48b,

Photcgraphs of transition of combustion into detonation (see
Fig. 47g and 48 d) show that transverse waves appear simultaneously
with appearance of detonation.

In case of divergent cylindrical detonation, trajectories of
transverse waves form two families of logarithmic spirals twisting
in cpposite directions [14] (see Fig. 48a).

Tangent ¢f angl< = “etween the tangent to the spiral and the
radius outside of a small region adjacent to the center is equal
to 0.6 + 0.00 1.e., speed of transverse waves along the front iz the
same ss during steady-state detonation in a channel of constant widtirh,

Mixture CE“C + 2.502 is very corvenien: for the described experi-
ments due to high contrast of brightness of transverse waves against

the background of reneral afterglow ©f the gas. Photograrhed network
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of lines are also easily observed visually. For other mixtures, the
general qualitative picture of motion of transverse waves 1s the same,
but the obtaining of clear rhotographs of motlionless film 1s not
possible. More universal is the trace method,

In Fig. 49 there is given a trace imprint on the sooty wall of
a flat channel which was left after detonation of the mixture 2C0 +

+ O2 + 5% H2. The impression was

obtained in a channe! with a gap

between walls of £ = 4,7 mm; thus the
ratioc % = 5,

Besides the network of sloping
traces, which are trajectories of
tranaverse waves, ¢n the imprints there
are quite conspicuous also more smezred-
out wavy horizontal btands located

approximately at equal distances from

each other, Comperison of ‘mprints

¥1g. 49, Trece imprint on
wall of €lat channel,.

on both walls of the detonation chanrel
shows that on the rear wall such tands
are located exactly in the middlc tetween tands cn the froni wall;
l1.e., with a 811ft by half of the distance t=tween them., Sloping
lines on toth walls colncide. Obviously the flow cf gas in this case
1s not &»solutely two-dimensional and in the detonat'on fron: there
exists some wave whic.. is su;cealively reflected from Front and rear
wall, A“ter coliislor of such a wave with the sooty wall there

remair. horizontal tands. DListance between tands turns out to te
approxirately equa’ ¢t~ 3,6t and does not depend on va.iue of a, which

s increased with decrease of initial pressure of mixture. Eence 1t
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1s possible to calculate speed uy of propagation of the consldered

wave between the walls:

N
., = -3—.;- = 0.&0.

7

Form of horizontal bands characterizes profile of the leading
front., With increase of ratio %, horizontal bands becom¢ less and
less clear, i.e., oscillations of detonation front in dire~tion of
least dimension of channel weaken, and flow gradually approaches
two-dimensional

Conditions of propagation of transverse waves 1n the radial gar
between two ccaxial tubes are close to those for the flat channel,

Trace imprint ori wall of external tube is shown in Fig, 5C, Here

there are also seen weak oscillations of the front along radius

Structure of transverse wavcs in the two-dimensional case was

investigated for the mixture 2CO + 0, + 3% H2 [15]. This mixture

was selected btecause in the range o7
initial pressures convenieat for
laboratory experiments, 2Cl-30. mm kg
characteristic components of the struc-
ture of the front have dimensions of
the order of millimeters and centl-
menters, and can comparatively easily
te resclved during photographing 'y thv
compensation method,

The detonation fron: propagsted

in a channel with rectangular croes
Fig. 5C. Trace imprint on -

inner wall of outrr plpe 0f  gection of 105 x 4.7 mm, lengih cf
coaxial detonation channel,
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150 cm, whose last gection war msde from opilceal glass, The trace
imprint showu in rig, 49 was obtained in the given channegl, Tor
initial pressures of the mixture lying within the above-indicated
limits, retic % was from € to 100, therefore, rlow differed 1ittle
from plane fiow,

Speed uf transversc wave relative to gas behind the undisturbed
shock front 1s strongly supersonic, therefnre, wnatever the structure
of the wave is on the whole, .he leading shock front should undergo
a break at a certain triple point A moving together with the wave.
Tne sharp upper boundries of traces in Figs. 49 and 50 are obviously
trajectorlies of such triple pnints,

Subtsequently, structure of transverse wave will be concidered
in a system of coordinates connected with point A, Therefor:, it
1s necessary first - £ all to clarify how speed of its motion changes
with respect to walls in intervals between conszcutive head-on ~o0lli-
sions of the tr~ _verse waves. Let us draw axis z in direction of
propagation of detonation; x — in direction of the larger width of

the channel, We have

.: ={ga, (3.1C)

where Uy and U, — components of velocity of point A;
a — angle between its trajectory and axis z.

For mean values there is satisfied :he relation

.,.,:l,.,tgcq"—'Dtgac,. (3.11)
Sperd of detonation D under conditions of experiment was 1710
m/sec for an initial pressure of the nixture orf Py = 250 mm Hg, and
1730 m/cec for 0y = 250 mm Hg, With accuracy sufficient for all

subgequent calculetions we will everywhere consider D = 1.7.105 cm/sec,
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‘Flg., 51, Transverse scan of

For the investigated mixture, measurements glve

in range of initial pressures of 200-350 mm Hg. This spread exists
for different waves in each experiment,
Trace imprints do not, nhowever, make 1t posslble to.determine

e and U, In ev=ry phase between collisions. Such a possibllity

appears 1f there is known the trajectory of point A also 1n another

system of coordinates, for instance, moving along exis x with constant

speed V. Then we obtain cne more equation for determination of U

8 —

— ’ .
=ig7, (2.17)
#;

where at' is angles bctween trajectory of the point and axis z 1in the
new system of reference,

Trajectoriegs interesting to us can be obtained during photo-
recording through a wide longitudinal slot of the propagation of
detonation front of & film moving
in the perpendicular directilon,
One of such pnototracings is shown
in Fig. 51.

The segment of front bounded
by edges of the slot illuminate
on the film & wide slanted band,

the tangent of angle of inclinatlon

of which to the vertical 1s equal

to the ratio %, where V is

equal to speed of film multiplied

detonation in a {11t channel; by the ratio of redaction of the
width of slot 1is 5 mm,
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objective. Transverse waves, image is of which move in the same
direction as the film, trace against the background of the band
sharp lines, which coincide with trajectories of point A. Traces
of opposing transverse waves are smeared out; their motion can be
traced only by the brighter glow in places of collisions, After
measurement of many photographs similar to those shown in Figs. 49
and 50,there were obtained the following dependences averaged over

different waves and experiments: tan a(x), u (x), u,(x) and

un(x) = ,ue + u®

< 29 which are represented in the form of graphs in

Fig. 52; x is measured from point of collision; a — just as before —
is the average distance between transverse waves with the same

direction., On the average, every wave passes over the distance %

along axis x during the time between consecutive collisions, The

graphs in Fig. 52 show that u, changes from 1.4 to 0,8 D, and u

changes from G.4 to 0,66 D,
For investigation of the structure of a transverse wave there 1s
applied the method of Toepler, which permits us to obtain photographs

of compression shocks, In view of the

w0 ; 2.0 large difficulties in creation of suffi-
:: ;,f :: clently short and powerful pulses of
b« a2 aaﬁ | light for production of instantaneous
Qe il a4 f schlieren photographs, there was used
0 a7 Ay Gd GS the compensation method. Photographing

&

Fig. 52, Dependencies
tan a(x) - 1, u,/D - 2,

w,/D - 3 and u /D - 4.

was produced through & slot of width 1.5

mm located at an angle of 30° =a. to

direction of propatation of the detona-

tion. In such a position the slot wes 1Intersected by transverse waves
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with only one dire-"!u:., wnere all were 1In the same phase betﬁeen
collisions with the cirrosing waves which moved parallel to the slot,
Speed of film was s=s*a! lished to coincide in magnitude and direction

with average speed of 1mage of transverse waves intersecting the

slot,

id
e
=¥-=
ZQ
= 3
- G
%c::‘
= o
D o=

Flg., 9%, Toeplergrams of transverse waves
in ’'lst channel. Angle of slot with axis

re H ey 1
L4 :;V,i.. o

In virtue of *ne fact that motion of transverse waveg in flat

channel 18 not steads, as thls occurs during spin detonatlon, photo-
graphs obtained t; .. descrited method (Fig. 53) differ from instan-

“aneous photographs. since di¢“erent elements of the wave intersect
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the slot at different moments of time, in interval between which the

relative location of these elements can be changed. Furthermore, true
speed of transverse wave at the time of intersection of the slot can
differ from the average speed; therefore, due to the differenc: in
speeds of transverse wave and film, dimensions and angles of inclina-
tion of shocks are distorted if they do not coincide with slope of

the actual slot, However, these small distortions do not change the
qualitative picture of flow, and always can be taken into account
during accurate analysis., The transverse front, which interests us
first of all, has a slope close to the slope of the slot and is
photographed practically without distortiors.

In Fig. 53a, we see a series of transverse waves with the same
direction in the last phase before collisions, In Filg. 53b, on the
left — a transverse wave of the same structure, but bigger dimensions
(initial pressure of mixture is lower), Configuration of shocks
qualitatively does not differ from the case of spin detonation, The
strong transverse front, which forms an angle of about 20° with
direction of propagation of detonation, moves through the gas prelimi-
narlly compressed by the shock Jjump, Joining between them, Jjust as
during spin detonation, is realized through a "tip" containing 2
triple points, Certain transverise waves have different structure,
as we see in Fig. 53b, on the right. Vertical dark lines on photo-
graphs — adjoining shock waves in burning ges to transverse front —
are trails, Horizontal bright lines are traces of trails from
opposing waves,

Before we go on to more detalled analysis of structur: of trans-
verse waves, we will also describe experiments on measurement of

pressure, Two plezo-transducers, construction of which is described
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in Chapter II, we ¢ imbedded in rear wall of detonation channel flush
with its inner surface, so that the actual transducers did not intro-
duce perturbations into the investigated flow. Simultanecusly with
oscillography of pressure there was produced photorecording of
detonation wave through a narrow slot parallel to detonation front
and located opposite the transducers on the front wall of the channel,
Positions of transducers were noted by marks on the slot, which gave
dark lines on the phototracings. Speed of film colnclded with speed

of image of the detonation wave,

Several phototracings with a set of the most characteristic
oscillograms is shown in Fig. 54. Photograph a 1s interesting by
the fact that on it there are fixed transverse waves in different
phases between collisions: on the left — opposing transverse wave:s
before collision; at right edge — immediately after collision; in
center — Inter 2diate phase. On photograph b in one of the convergent
waves we may see cessation of ignition in the transverse front, On
photograph ¢, distances between all neighboring transverse waves
having both directions are identical, and head-on collisions occur
simultaneously along the entire front. With such a regular process,
in the width of the channel there is contained integer a/2. From
every transverse front, in the direction of the turning gas, there
stretch out long luminous trails. In examining of phototracings it
is necessary to consider that angles between jumps here are strongly
distorted, A shape of the transverse wave close to true can be
obtalned if its image 18 subjected to shear deformation in the
horizontal direction in such a manner that the trail far from the

front becomes vertical,
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Fig. 54, Oscillograms of pressure in flat channcl and
corresponding trajectories of transducers on the picture
of self-lumlnosity marks along the vertical are located
every Edpu; along the horizontal — ever; 1t oo,
Trajectorlies of pressure transducers correspondlng to the given
oscillograms [Flg. 54d) are plotted on the phototracing (i'ig. S4a).
Oscillograms and trajectories of transducers corr.s;ond!ng to them
relative to the detonatlon wave are designated by !dentico. Tigures,
Lines 4 and 8 are left as marks opposite the transduc-:: in the given

experiment; the oth-rs arc plotted sc¢cording <. th. ::otctracings

obtained in th:z sam: experiments.

112




Maximum pressure measured in the transverse wave was about 100

Py l.e., almost in 6 times greater than that calculated according to

the classical theory of Chapman-Jouget, and 3 times greater than
pressure after the shock front according to one-dimensional theory
of Zel'dovich, At a distance on the order of a from the leading
front, amplitude of pulsations of pressure sharply decreases, and
average pressure practically coincides with that calculated by the
Chapman-Jouget condition, which, taking into account correction for
losses, 1&g close to 17p0.

Gas-dynamic schemes of flow in the transverse wave, which
correspond to those observed on schlieren photographs, are depicted
in Figs. 55 and 56. Calculation 1s
produced just as for the spin transvers:
wave, We will consider flow in a system
of coordinates connected with point A,
the motlon of which i1s already kncwn to
us, Speed of incident undisturbed flow

Ug and angle a, formed by flow lines in

this flow with axis z are given for every
phase between collisions by graphs of

Fig. 52, For calculation it is recessary

rig. 55. Scheme of flow to give one more parameter, for instance

in flat channel with the angle B between front of shock wave
transverse wave, —

shock waves; ---- contact " ", 1
discontinuities; .... A2A arriving at point A and axis x,
removable discontinui- which can be measured on schlieren photo-
ties; arrows indicate

flow lines. graphs, Py given values of u,, a and 3

*An arriving wave, according to the terminology of L. D. Landau
and Ye. M. Lifshits [1€), 1s defined as a wave along whose front
;erturbations can propagate only in the direction toward the cons!dered

roint,
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there are calculated consecutively the triple configurations at
point A and B,

We willl consider at first the case when flow velocity after
Jump BD remains supersonic (see Fig. 55). After pocint D pressures
on both sides of the contact discontinuity are
equalized with the help of the centered rare-
faction wave, Certain inaccuracles of the
construction were discussed in Chapter II.
Here 1t 18 necessary to consider further the

transient character of real flow. Transverse

Fig. 56 Scheme Wave considerably changes on the path a/2, During

of flow without comparison of Fié. 53 with Fig. 55, 1t 1s clear
transverse wave,
that AB <<-%; therefore, in neighborhoods of

points A and B flow differs little from steady-state flow corres-
ponding to values Uy, @ and B at the considered moment of time, At
distances of the order of BC and larger, such an assumptlion 1is already
1llegal; therefore, difficulties of calculation of flow 1in the
neighborhood of point C which are encountered during spin detonation
are increased here, It is possible only to assume that near C there
will be formed the same confilguration of discontinuilties as in the
neighborhood of point B, as depicted in Fig, 55, Schlieren photo-
graphs show that boundary MG between burned and unburned gas 1is
strongly blurred, obvliously due to the turbulizetion of the combus-
tion front, and the Jolning of shock waves CM and MN 1is realized not
at corner point M, as 18 shown on the figure, but by a smooth
transition,

Jumps AA1 and BC in spin transverse wave were considered to be

detonational; here, however, in region 1, flow velocity calculated
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by measured values of Uy, G and £ turns out to be leis than speed of
Chapman-Jouget detonation, Therefore, jump BC, and togzther with

1t Jump AAi, which has approximately the same temperature after the
front the same temperature after the front (close to total stagnation
temperature), during our calculation must be considered to be purely
shock, without rclease of chemical energy in the front, However,
intense glow of ga. behind BC and AA1 (see Figs. 54 and 55) indicates
the presence of 1gnition. The apparent contradiction is removed if
we assume that in the case of a flat channel, the extent of the
reaction zone after Jjumps AA1 and BC 1s larger then distance Al,

Then at triple points A and B fronts interact as shock fronts, flow

of gas in region 2 is compressed from region 4, and flow in re;;ion
>, 1s expanded to the sides before maximum liberation of heat
attained., With such an assumption, speed of propagation of fr-t 5;1
through state 0 should be greater, and speed of front BC throu-h
state 1 should be less than calculated by the Chapman-Jouget ~ondition,
which corresponds to reality. The whole complex consistines > shock
Jumps and reaction zone, may be called the detonation complex,

But can such a ccmplex exlst as staticnary? During usual
multiple front detonation, transverse waves perlodically colliie
with each other; therefore, they are non-stationary. Steaay-state
transverse wave with analogous structure 1s realized durins ~ne-nesded
spin detonation, but there flow 1s essentially three-dimensicnsl,
However, it 1s also possible to Imagine & two-dimensional aetonat!i:n
*ront with one or several transverse waves, moving along the rront
in one directicn, without collisions, in the narrow gap belween ta
coaxial tubes,

One of the authors [15] set up spe~!ial experiments., For or e-
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tion of transverse waves with one direction along the circumference
of the gap there were installed several guide ribs. ‘>tlon of waves
was e:tablished by traces or the sooty surface of the outer tube,

It was possible to obtain several spiral traces twisted in one

direction, of precisely the same structure as the trace of a spin
trensverse wave., But after approximately 3/4 of a turn, from every
trace ivhere started to branch out weaker traces, which correspond to
rotation in the oppns!te direction; then, after several head-on
collisions, the la’'ter were strengthened, and the entire picture of
traces took on the usual character., In the narrow gap between the
pipes it is not possible to :reste slso a detonation front with one
stationary trancverse wave., Wi*h apprcach to the 1limit, detonation
remains multiple-front detonation and is ceased without becoming
stable one-headed spin, ‘he described experiments show that in the
plane case, the stationary transverse wave in the detonation front
is apparently impossible.

Let us turn again to the scheme of flow in Fig. ©5. Cbviousiy,
the necessary condition for stationary of triple configurations atl

points A and B is

M, 31,
since otherwise rarefactlion wave KU* overtakes shock “ront FI', pressure
after BD and EC nera triple polnt E drops and point * is carrted
downstream siong ‘ump AE., Furthermore, perturtations rom rareraction
wave can reach po‘nt B also through reglon &, if flow i rezior =
dces not become superscnic earlier than point X, at which conta-:
{scontinulty Fr intersects with the first (naracteristic going cut

from point T,
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Directly after the shock front BC, flow is strongly subsonic;
its transition through speed of sound can occur only as a result of
compression, with subsequent expansion in the transverse direction
(transition through critical section of flow tube — shape factor),
or due to liberation of heat during chemical reaction (thermal.
factor). Certainly, these factors can act Jointly. During spin
detonation, front BC is a supercompressed detonation front, and
therefore the highest possible release of heat is insufficient
for achlevement by the flow of speed of sound; due to this, in
Chapter II 1t was necessary to assume compression of flow tube in
the radial direction., In the flat channel and in the narrow radial
gap between tubes, velocity of flow~i, flowing into front BC always
turns out to be 1éé§'fhan.calculated according to the Chapman-Jouget
condition for the one-dimensional case. Therefore, flow tubes in.
region 2 have to be expanded before maximum quantity of heat is
released. Whether or not flow thus attains speed of sound before
point K remains vague, In any case, stationary two-dimensional trans-
verse waves of the considered type cannot be obtaineé in experiments,
Certainly, the causes can be different. For instance, instabllity
of smooth front AA1 which generates weak transverse perturbations
of various directions (see Fig. 53b). This could cause failure during
an attempt to obtain in the gap between the tubes a transverse wave,
rotating only in one directlon, since destruction of waves of one
direction observed on trace imprints started from branching of the
initially weak opposing perturbations., During one-headed spin
detonation in tubes without inserts (or with thin inserts), detonation
Jump AA1 is strongly supercompressed; therefore, according to the
criterion of Shchelkin (3.1), it may be stable., Actually, for steady-

117



state spin it is not possible by elther trace or photographic methods
to reveal perturbations in front AAi, although in front BC perturba-
tions are established,

Let us now follow how structure of transverse wave will changce
if rarefaction wave reaches point B through region 4 (at M), < 1)

or through region 5 (at subsonic speed of flow 5 opposlte point K),

see Fig. 55.. We will assume state of gas in region 1 to be uniform
and constant in time, Let us assume that an observer is located in
a system of coordinates whose velocity relative to particles of gas
in region O (or 1) at a certein initiasl moment of time coincides with
veloclty of triple point A, and subsequently remains constant. It
is clear that rarefaction wave will cause attenuation of shock
Jumps BC and BD; speed of the latter relative to the gas before them
will decrease, and triple point B will move along jump AB, increasing
its length, Simultaneously, triple point A will start to drift along
AQA, since front AA1 is a supercompressed detonation front and can
be supported only by expansion of gas from region 4 with higher
pressure. (Splitting of leading front A A into AA1 and AB is
caused, in the end, by perturbations from transverse f. -t BC, which
propagate along obllique shock Jump BD and then through subsonic region
2). For analogous reasons point C can be displaced along MC.

Thus, the entlre trar,verse wave starts to lag behind our obser-
ver, and in a motionless system of coordinates its component of

velocity along front AA, decreases, Thus, angles of inclination of

N

all jumps and their dimensicns change. Length AB should be increased,
since, after agaln equalizing velocity of systeri of coordinates of

the observer with point A, we discover that at the initial moment
point B drifts reiative to the observer along AB with a certain termi-

nal velocity (Jumps BD and BC are "consumed" by the rarefaction wave),
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while polnt A Is at rect relative to the obcerver, In »ther words,
front BC atteriuates faster than AAi. After BC, temperature Jdecreases
faster and Intense burning of the mixture is ceased earlier, Foints

B and C, due to lengthening AB, may tend to merge. As 2 result,

there will be formed the structure depicted in Fig. €. We will

call it a structure of II-nd type, in distinction from the structure

of I-st type in Fig. 55. Together with front 3C, there also dis-
appears high-temperature region 5, After jumps DB ana BM there remains
a "tail" relative to the cold gas,.

The described processes indeed occur in a flat channel, Between
consecutive head-on collisions, speed of transverse wave along the
leading front decreases; with passage of time, dimension of the tip
is increased; glow after the transverse front BC usually weakens,

It is necessary only to add that state I before transverse front
under actual condition of multiple-frent detonatlon 1s not uniform
and constant in time. Transducers passing through region 1
frequently reveal a certair pressure drop with dlstance from front
AEA‘ In accordance with this drop, ncrmal velocity of front AQA
through scate O and pressure Py directly atier the front decrease
in time, PFurthermore, transverse front BC moves between collisions
through an expanding band of unburned gas contained between shock
front A2A and combustion front GM; therefore, in splte of lengthening
of AB (and possibility of MC), width of front BC is increased.
Probably, in virtue of the last circumstance, during steady-state
multiple-front detonation in a flat channel, transition to the
structure of II-nd type cannot te observed, The authors have
obtained severel tens ol schlieren nhotographs for the mixture

cC0 + 02 + {2 to 5%)H?, and nave always discoverd only a structure
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of I-st type. It was not clear on all photographs, but transverege
front BC always was clearly distinguished, and its direction was
almost perpendicular to flow lines in region 1, At the same time,
on certain photographs of self-luminosity, transverse front 1s not
seen at all (see Fig. 54b)3 this 1s apparently due to the cessation
of ignition of gas afﬁer fhe strongly attenuated front,

The different structure of traces of transverse waves on trace
imprints (see Fig. 49 and 50) also attracts attention, Part of the
traces between intersections have the form of gradually expanding
bands with sharp edges; their origin is clear: the upper edge is
traced by trivle points A and B in configuration of I-st type, the
traces of which usually merge; the lower edge — by polnts C and M.
The other part of the traces are single lines, It would be possible
to assume that in the last case traces are formed by configurations
of II-nd type, since in the projection onto the direction perpendicu-
lar to the trace, points A and B practically merge. But this
assumption contradicts schlieren photographs, on which structure of
II-nd type during steady-state detonation 1s not observed. Change
of structure under the influence of soot on the walls (schlieren
photographs can be obtained only with clean glass) 1is doubtful.

It remains for us to assume that the lower triple points C and M do
not always leave traces, On photographs of self-luminosity, breaks
at points C and M usually are usually not clearly pronounced; this is
due to the absence of a sharp boundary GM between burned and unburned
gas, Boundary GM can be smeared out due to the presence along it of
turbulent mixing, which is caused by difference between tangential
velocities, and burning, Actually, cantact discontinuity GM (more

accurately, combustion front) was formed after burning of the under-
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lying layer of gas by front AiA of the preceding transverse wave,
which imparted to the burning gas a velocity differing from velccity
of the adjacent layer of unburned ges,

In order to better comprehend the general picture of mntion of
transverse waves in a flat channel, we will imagine a detonztion front

in which dlstances between all neighboring transverse waves of both
directlons are identical, and collisison occur simultaneously over
the entire front. Scheme of motion of transverse waves in such an
idealized two-almensional case is depicted in Fig. 57. There are
shown a profile of the leading frcnt and
the relative location of transverse
Jumps in four different phases between
collisions, After collision, every

transverse wave travels along front AA1

of the opposing wave a distance of

approximately 1/8a, before there appears

a layer of unburned gas after 1it, At

just thils ingtant there is formed a

configuration of I-st type. Subsequently

Fig. 57. Scheme of’
motion of transverse

waves 1n flat channel. :
second-order dis-
continuities; --- bound-
aries of burned and '
unburned geas; .... traj-
ectories of end points of
transverse front.

its qualitative form is retained until
the following ccllision,

It 18 clear that the real structure
of the detonation front !s not so regular
a8 it 18 depictezd 1In Filg. 57. However,
the tendency to regularity always exists due to the following circum-
stance: The fact i1s that the transverse wave is maintained at the
expenge of energy of the chemical reaction occurring in it, Therefore,

if distance between some two neighboring transverse waves 18 increased,
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then the rear wave will burn a wider shell of the unreacted mixture,
will be strengthened and will start to overtake the leading wave,
This reasoning remains valid also 1f we take into account head-on
collisions,

During steady-state dctonation in a flat channel, deviaticns of
dimensions of separate cells from average magnitude a are smell,

In certein cases, especially when in the width of the channel there
are packed a small number of cells, it 1s possible to observe a

very regular structure (see Fig. 4i4b, c and Fig. 54c), which
practically does not differ from that drawn on the diagram of Fig.
57. Average distance a between iransverse waves of one direction
(dimension of cells) 1s determined basically by the time of chemical
reaction in the transverse wave,

It is of interest to follow how pressure, temperature and other
characteristics of the gas in the region of the transverse wave change
in different phases between collisions, Controlling parameters in
calculation o7 triple configuration at point A for a geg mixture cof

given composition with given initial state (po, TO) are velocity of

undisturbed tlow U, in system of coordinates connected with point A,
end engle 9, between vector of this velocity end front of "erriving"

wave AQA’ which 1s equal to-g - (o + B). Sequence of values U,
and ®o which the transverse wave passed over between collisions 1is

depicted by the averaged curve 2 in Fig, 58, Dashed curves show
limits of deviations of these quantitites from average. During
construction o. curves there were used graphs for Ug and tan¢ shown
in Fig. 52; values of P corresponding to them were measurei on

schlieren p->tographs,
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Triple configuration at point B can be calculsted on the assump-
tion that front AP 15 & straight line and that point B 1s motionless
relative to A. 1In realftv. the length of AB increases in time.

Calculation shows that flow velocity after

[
®©
s H- Jump BD remains supersonic only in a certain
{ T
© - region of parameters u, and ®oe Curve 1 in
45
l” Fig. 58 1s the boundary of this region (cal-
\\\

0 0
» s D T e sec culation is carried out for mixture 2C0O + 5

Fig. 58. Greph of

o)
change of u, and at Ty = 2937K). Above curve 1 M < 1 and
wo for transverse

wave 1n flat channel
between collisions. = 1g known to be impossible, but speed of dis-

statlionary position of point B relative to A

placement of point B, as can be seen from experiments, is completely in-
significant as compared to speed of incident flow from region 1. There-
fore, correction to calculated magnitude, 1f we consider speed of drift
will be obtained to be small, and it 1s possible to disregard it. This
1s ull the more so because disregard of chemical reaction in region 2
and distortion of Jjump AB introduces apparently, greater errors,

Changes of pressures and temperatures after shock jumps AAi,
AA2 and BC in the interval between collisions are represented on
graphs of ¥iz. 59 and 60, where x 1s coordinate along general detona-

tion front., During calculation there were taken values of U, and P

along curve 2 in Fig. 58, All graphs start at x = O, although the
considered structure of the transverse wave during collision is

destroyed, and appears again only at %-* 1/3, when after the "arriving"

wave there appears a layel of unburned gas. On earlier stages, real
values of p ant T do not have to correspond to the given graphs,

Pregsure and temperature after all jumps monotonically decrease with

increase of x.
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sions,
Table 5,
/a /R Pady P /P
valoulated { “easured |[Caloulated| Measured { Caloulated| Measured
0.2 2146 23 + 5 312 35 + 10 8145 80 + 20
0edS 18,5 16 + 4 32.3 30 +5 66.7 60 + 20

In Table 5, for comparison, there are given computed and measured
magnitudes of pressures after Jjumps AZA’ AA1 and 3C, Agreement
between calculati~n erd axperiment is good. The coanslderable scattar
of experimential values 18 because of the fact that not all transverse
waves are identical; among them there are weaker, as well as stronger
waves,

Just as during spin detonation, in experiments there 1s revealed
a strong decrease of pressure along transverse front in the direction
from B to C. Near point C, measured pressure after the {ront BC
turns out to be approximately 1.5 times less than that calculated
on the assumption of uniformity of flow in region 1 and of the absence
in it of chemical reaction. Causes of change of pressure along RC

were discussed in Chapter II,
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Maximum local pressure 1s developed In region of ~51100°0 0 of
colllsion opposing transverse fronts; its calculated values {~ ab ut

200 Pp*-. Such high pulsatinns of pressu-e in detonation fron* were

not reglstered by transducers, inasmuch as in not one of the experi-
ments (there were about a hundred of them, did the transducer fall
exactly between the collidirz transverse fronts, This is fully
explainable 1f linear dimension of region of high pressure 1n places
of collisicn is of “he order of O0,1a. 1In this case the provability
that in 100 experiments the transducer will not once pauss through
the region of high pressure is about 50%.

Structure nf II-nd type 1is observed in flat channel during
transient detonational processes connected with local or general
attenuation of the detonation front. Photograph b in Fig, &% is
obtained for transient cdetonation: toward the end of the charnel,
velocity of the front on the whole, number of transverse waves
and their velocity along the front decreased. The wave on the right
has the structure depicted in Fig. 56, The transition to structure
of II-nd typ~ occurs espe”.a.l, uLeariy during flow of detonation
wave around an obstacle or step. When after the body thers ar-
formed regions with transverse waves of only one direction, and head-
on collisions are sbsent for a lcng time, A photograph cf transverse
waves in a detonation front flowing around a step obtained by the
compensation method is shown in Fig. 61. Configuration of flat
channel and location of slot are shown in Fig. 62.

In center of photograph in Fig. 61 there are visible two trancs-

verse waves of I-st type; the remaining waves are strongly attenuat:d

*

If we consider a certain layer of gas after front BC to t~ nonre-
acting, and the reaction after jumps diverginz after collisions to be
instantanecus, then this pressure turns out to be equal approximately
to 210 Pe. If, however, divergent jumps remain purely zhock fumps,

~alculated pressure of collision is about 135C p,.
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Fig. 62, Set-
up of experi-
ment during
photographing
of transverse
waves in detona-
tion front
flowlng around

a step, 1)
slot; 2) traj-
ectories of
transverse waves;
3. flat detona-
tion channel,
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of comparetively

in thr turbtulent
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J

disappear, and agaln apuv-er only
after refle~tion cf the sttermating
transverse waver nt IT-nd type

from the wall after the step
simultaneously with retoration

of normal veloclty of the detona-
tion wave as a whole, Apparently,
analogous phenomena occur during
tube into a volume, fter Jjumps
type there stretches a long "tail"
cold gas, which gradually burns

flow (see Fig. 53b and 61).

Its glow is considerably weake. than that of the

gas after Jjump AA1.

It 1s easy to show that

traasverse wave with structure of II-nd type

also cannot be stationary.

If it were stationary,

then the basic perturbtation gercrating the entire

configuration would be Jjump AA

temperature and fest chemical reaction,

40 with high

in wave

of I-st type, the leading front is tranaverse

front BC:; "break'

considered to be

' of leading front AAl can te

the "departing 'ump,” which

appears during flow around contac: discontinul-y

woY

ACE; 1ts velocity through the undisturbed gas is lerger tian !,

It is clear that in configuration of II-nd type, velccity of ‘ump

Ay

relative to undisturbed gas carno- exceri veiosity !
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than D, since u, = u. cos 1 and o - I, therefor-, s-ationary wWaves
of JI-nd type wnuld rnot ensur~ advance of the detoneption front w'th
velocity D. <{onsequently, they cannot be stationery. LoOr the seame
reajons, transverse waves of II-nd type are especla’ly characteristic
for atienuating detonatiun.* The authors observed analogous struc-
ture also during one-headed spin detonation in a round tube (v1g.
63). Thus the velocitv of detonstion appeared to bte lcwer than

the

normal velocity (~1500 m/sec instead of 1,700 m/sec). However,

small length of the photographed section of rpipe (18 cmat d = C.7

cm) did not make it possible to establigh if the prccess was statliorar;

. .
m ¢

GRAPHIC NOT
REPRODUCIBLE

Fig. 63. Pnotographs of transverse weve

before damping of spin detonation. &;
'"oeplergran; b) Self-lumincsity.

ey 2 N FR P
_3!‘-’.‘-0»?0: ﬁ‘k-’\\-

N .
Triple configur%tions in detonetion {rant wers
by Yu. N. Denisov, Ya. K. [roshin, K. I. Shchelkin .4 cclleagues,
[2-4, €] later than Duff [7;; nowever, 2il ol the asc omed the <xi:
?

i

tance of only one tripie point of type A, whils coasliering AR to be
th> part of the ¢rall adjacent t> the front, La reelity strusturs =f
transverse wave turns out to be zonsicersbly wore cunplicated,
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From the direction of the burning gas to every transverse wave
there adjoins a traill. Near the transverse front the traill is a shock
wave with pressure jump of up to half of average; this corresponds to
a Mach number for normal velocity of incident flow of M = 1.2, With
increase of distance from the front, amplitude of pressure drops,
and shock wave gradually becomes an acoustic wave, Change of pressure
in the trail can be traced on cscillogram 10 in Fig. 54, which was
taken during longer scanning, Form of the trall is seen from photo-
tracings on the same figure. Its upper part (excluding the neighbor-
hood of point M) is inclined approximately at the same angle as the
transverse front; then, the trall becomes perpendicular to the
detonation front, but with further increase of distance from the
front, angle of inclination of trail to axis z (direction of propa-
gation cf detonation) changes sign, i.e., the trail starts to lag
behind the transverse wave, This lag is understandable. As measure-
ments show, average speed of transverse wave along the front is
equal to

4, = (0,58 +0,05)D>C,,
wnere CJ 1s speed of sourd in the Chapman-Jouget plane; the trail
far from the detonation front corstitutes an acoustic weve and
propagates witn velocity CJ. Lag of trall with Increase of distance
from front 1s strengthened also by decrease of speed of sound in

reaction products due to the cocling influence of walls and the

rarefaction wave,

Detonation in Pliper and Spherical Dectonation
Experimental investigation of the structure of transverse waves
in general of three-dimensioral multiple-front det.onation such as

that performed in flat channels and for one-headed spin in tubes,
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1s still not possible, Therefore, 1t is possible to judge =zt.out
structure only by indirect criterie, in particular on the basis of
comparison of trece imprints, Transverse waves move through a narrow
layer of gas aajacent to the detonaticen front, burning the mixture.
We will consider thelr mction in the plane of the front,

In tuves, hear the 1imits, detonation is one-headed spin,
detonation, i.e., in the front there is one transverse wave accomp-
iishing rotation along the c?f-cumference of the tube, In plane of
cross sectlon of tube ¢ consti*utes & stationary Mach configura-
tion with a strcngly d.veloped lcg (see Fig. 34). Incident and
reflected waves adjoinirne the leg at the triple point are obviousiy
shock wavex, and th:lr intensity drops rapidly with increase of
distance {rom wall of tube,

Stable one-h:aded spin exists in qulte a wide region of initial
pressures of the mirxture adjacent to the limit of detonation. Thus,

in a pipe with ¢3¢ mm, for a mixture of 2C0 + O, + 5% H,, stable

2
spin is observed for initial pressures from 40 tc 75 mm Hg.

Trace imprints on the end and side walls are identical for &ll
pressures in this range. With increase of pressure above 75 mm

Hg, the spin configuration loses stability: 1gnition starts after
the incident wave: 1t is extended, accelerated (dimension of leg
thus may be reduced) end with the other end reaches the wall ahead

of the leg. After encounter of such a wave with the leg at a certain
point of the wall there will be formed a divergent transverse wave
covering the entire cross-section of the tube., Angle between ends

of this wave and cylindrical wall changes with its propagation,

Starting from a certain moment, at both ends there are formed

Mach triple configurations, which then collide oun the opposite side
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of the cross-section of the tube, 2nd the whole process ic rcpeated
(see erd imprints in Fig. 64 and the diagram of motion of fronts in
Fig. 65). Thus there occurs transitlon to two-headed epin. Spin
heads, which leave a trace on the socoty inner surface of the tuhe
and which are recorded by the photographic method are, thus, legs

of the Mach configurstions which move along the wall in opposite

directions.

Fig. 64, Trace imprints on end of
detonation tube. a) two heads before
collision in pipe without insert; b)
two heads arter collision in pipe with
insert; ¢ and d) different stages of

four-headed spla,

GRAPHIC NOT
REPRODUCIBLE

In round tubes without axial inserts it 1s not possible to obtaln

two strictly symmetric heads; rotation in one of the directlons

remains more intense., This fact
‘)<:;::> was noted alsc by Duff [7]. Two
symmetric heads are easily obtalned
@@@@ In tubes with cylindrical axial
insert with dlameter of d1 =
) (& @@@ | - (0.2-0.5)60, where d, is inner
+

Fig. 65, Diegram of motion diameter of the pipe, However, in

of fronts in plane of cross
section of detonation tube,
&) one-headed spin; b) two
heads; c) four heads.

such a detonation channel it is .0t
possible to obtain steady-state

one-headed spin, Thus, for the

mixture 2C0 + O, + 5% H, at dy = 30 mm and d, = 10 mm, in the region

130




of 1nitial pressures from 40 to 90 mm Hg, there is obaserved a stable

two-headed regime (Fig. 66). At Po < 4O mm Hg, detonation is ceased,
The term "spin detonation" (the English word "spin" signifies

"rotation"). strictly speaking, will be applied only for the one-headed

regime,* sirce only 1n one ca:. 18 there

a transverse detonation wave rotating

over the circumierence of the tube.

(W,
¥ mendl
o] o Already in the two-headed regime, the
: —-I
Ek:: transverse wave moves through the entire
.
g (] | cross'section of the tube, striking alter-
- G}
E ggﬁ: nately at diametrically opposite points.
- ]
g L‘;L! Legs of Mach configurations formed at
.

the ends of this wave are mutually reflected

after collision, With departure from the

limits number of transverse waves in the

Fig. 66. Trace imprints
of transverse waves, a) detonation front 1s increased. Any detona-

two heads in pipe with
insert; b) four heads in tion with transverse waves besides the

"pipe without insert _
one-headed spin, will be called multiple-~

' which are

front detonation, Terms "many-headed" or "n-headed spin,’
used in the literature, can be used only conditlionally, if we under-
stand by n the number of spiral lines traced by the transverse waves
along the circumference of tube, or which is the same, the number of
antinodes of acoustic oscillatlons of reactlon products along the
circumference of the tube, It 18 clear that we can not speak of

"spin" regarding spherical detonation,

*3uch an opinion is held by Yu, N, Denisov and Ya. K. Troshin
[2-4].
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Change of structure of detonation front in pipes with increase
of distance from limits can be traced on the photographs in Fig, 11,
34, 37, 39, 40, 64, 66, Complete reconstruction of motion of
transverse waves by trace imprints 1s also posslble in the case of
the four-headed regime in tubes without inserts, Successive phasges
of this motion are schematically depicted in Fig. 65c, Two trace
imprints on the end are shown in Fig. 6l4.

Formation of triple Mach configurations during the interaction
of transverse waves with each other or with the wall 18 characteristic
for any multiple-front detonation., At first glance, the very regular
network of traces on the sooty lateral walls of the tube at great
distances from the limit may cause surprise., This cannot be explained
if motion of transverse waves near the wall 1s assumed to be
disordered, Ordered motion along walls obviously is created by the
Mach legs formed during incidende of the transverse waves ageinst

the wall, Mach triple configuratioun appear also far from the

walls during collision of transverse waves within a definite range

of angles. On the regular network of traces drawn on the lateral

walls by the legs, therc are always superimposed very blurred disordered
trace bands (see Fig., 37). Their appearance should be ascribed to
collisions of transverse waves with the wall at angles less than
limiting for formatlon of the Mach configuration. Externally these
traces do not differ at all from horizontal bands in the flat channel,

where there is no doubt about their origin* (see pp. 103-105).

*In works [2-4, 6], it 1s assumed that such traces are formed
as a result of intense fleshes of self-ignition in the region of
symmetric or asymmetric collision of triple shock configurations of
the type of the neighborhood of point A, Actually, in region of
reflection of transverse wave from wall, eapecially with normal
incidence, temperature 1s considerably higher than after the incident




Structure of trace left on sooty lateral wall of tube Ly Mach
leg in the steady-state two-headed regime in tubes with axizl insert
is precisely the same as during one-headed s»>in, During detonation

with large number of heads in different mixtures, traces of trans-

verse waves moving along wall are completely analogous to traces

in the flat channel, in spite of the fact that in round pipes near
the wall transverse wave frequently is a leg of the Mach configura-
tion, but in a flat channel at large value of ratio %, no legs are
present, Structure of transverse waves during steady-state detona-
tion in a flat channel, as was shown, does no* qualitatively differ
from the structure of a leg of a spin transverse wave, Simllarity
of trace imprints on lateral walls gives us a basis to consider
that structure of transverse waves during multiple-front detonation
in round tubes is the same. During transient detonation processes
in flat channels, along with transverse waves having structure of
I-st tyne, there were also observed attenuated transverse waves with
structure of II-nd type.

Abpparently, in a three-dimensional detonation front, transverse
waves of II-nd type exist also during steady-state detonation, since
here there always exist divergent transverse waves (with a front
which is convex in the direction of propagation) attenuating
considerably faster than in the two-dimensicnal case, Convergent
waves, and also the formed Mach legs certainly must have structure

of T-st type.

{ i'OOTNOT#, CONT'D FROM PRECEDING PAGE].

wave; therefore, ignition of mixture under these conditions can be
‘haracterized as a "flash" as compared to the slower reaction in the
ir.oident wave, However, the considered traces are in no way related
with places of nead-on collislons of transverse waves moving along
the walls, although during such collisions in reality "flashes" also

SRS
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Walls of pipe render o~n influence on motionu of transverse wavecs
only at distances frcm walls of the order of a, Therefore, a spheri-
cal detonation front of sufficiently large radius does not at all
differ in structure from detonation front in pipes far from thre
limits, This was proven experimentally by Volin, Troshin, Filatov
and Shchelkin [6]. Velocity of transverse waves along walls of pipe
for different mixtures as %-ﬂ'm, or, which 1s the same, n = o, tends
to (0.6-0.64) D, 1.e., to the same magnitude as in the flat channels.
Obviously, average veloclty of transverse waves far from the walls
and in the spherical detonation front should be the same,

Till row we have not been concerned with the question about
what determines average velocity of transverse waves relative to the
detonation {ront., Initially the authors assumed that after every
transverse front there is satisfied local condition of Jouget, and,
consequently, veloclty of transverse front relative to gas before
it should be equal to the velocity of detonation determined from
calculation for local conditions [6, 17]. In case of a large number
of' transverse waves, it was assumed that their average velocity is
somewhat less than detonation veloclty due to head-on collisions,
since after collision before each of the divergent waves the layer of
compressed unreacted gas 1s initially narrow and is not able to
detonate independently., Burning of mixture in it is supported
only at the expense of a powerful shock wave, which has a velocity
less than detonation velocity. It was assumed that with increase
o1 width of the compressed layer, velocity of transverse frcnt RC
1s gradually increased to a magnitude corresponding to the Chapman-
Jouget condition., However, subsequent investigations snowed that

after the transverse tront the Jouget condition is not satisfiea.
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During spin detonation cf mixture 2CO + 02, veloc*ty of the transverse
front near the wall is larger than that calculated by the Jouget
condition., Explanation of supercompression at the wall by the fact
that the transverse front has finite dimensions along the radius, and
therefore, that the Jouget condition should be satisfied somewhere
after the middle part of the front, does not solve the problem,

since it is not clear what determines the extent of the transverse
front along the radius. During multiple-front detonation, speed of
transverse waves is less than that calculated by the Chapman-~Jouget
condition. Head-on collisions do not explain the low value of average
speed, since after collision the speed of divergent waves relative

to the shock compressed gas before them not only does not increade,
but, conversely, decreases,

Motion of transverse waves in detonation front turns out to be
intimately connected with acoustic'phenomena after the front From
every transverse wave in the direction of the burning gas there
departs a shock wave (MN in Fig. 55), which quite rapidly with
increase of distance from the front is transformed into an acoustic
trail, It is without doubt that formation of the trail is caused by
perturbations proceeding from the transverse front, During detonation
in tutes, acoustic waves moving along surface of tube have especlally
large amplitude. Leading heads of such waves are the legs of Mach
configurations appearing during interaction of transverse detonation
weves with the wall., Motion of heads 1s very ordercd and close to
nerindic; theretore, waves generated by them in reaction products
have to be well described by the solution of Chu Boa-Tch, which is
the sum of harmonics of form (2.44), where the first index 1is a

multiple of the numuer of heads.
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In linear thecry, the amplitude of those harmonics for which

natural frequency of the volume (expressed in terms of A coincides

kn)
with the frequency of rotation of heads goes to infinity. Therefore,
behavior of the trail is determined basically by harmonics havirg
frequencies close to frequency of the heads, The most remarkable
here 1s the fact that frequency of rotation of heads almost always
turns out to be close to natural frequency of acoustic oscillations,
with number of antinodes of pressure along the circumference equai
to the number of heads, i.e,, the tangent of angle a between trajec-

tory of head and generatrix of the tube observed in experiments

coincides well with that calculated by the formula (2,40). Such

o coincidence cannot be accidental, It
” T 1
' 1 I l | l |,_' means that average velocity of transverse
Caloulated angle
oY d_angle (— detonation waves in detonation front is
- - determined basically by velocity of

8 . &
] Anels B 1500';"? 'n propagation of acoustic transverse waves
! s 7
Fig. 67. Graph of GSn) in reaction products. Analogous phenomena
according to Duff ([7].

are observed in flat channels, where
velocity of transverse waves only inelgnificantly exceeds speed of
sound after the detonation front,

For corparison of measured values of @ with those calculated by

c P
formula (2.40), where ﬁi was considered to be equal to 3;5 in Fig.
i

67, we present the grapn of R. E, Duff [7] for the mixture 2H2 + 02.
Along the axis of ebacissas there is plotted the number of heads n

rotating in one direction., Very good agreement between calculation
and experiment is observed for n from 1 to 4, if k in formula (2.40)
is considered to be equal to one, The only exception is two-headed

spin (n = 1, heads rotate in opposite directions), where measured
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value of a 1s noticeablyv less than calculated. tn>4 and k = 1,
formula (2.40) gives values of Qv which are somewhat too low,
Transition to different k 1s connected with a sharp increase of aav’
which in experiments is not observed., Let us recall that i 1ls equal
to the number of antinodes of nressure along radius in the correspcnd- M
ing monochromatic wave of form (2,44),

Real waves in reaction products can strongly differ from those S
considered; therefore, here we should not require Jfull agreement
between theory and experiment, It would be possible to calculate

the limiting value of tan a as n = © under the natural assumption

av
that the space periods of acoustic oscillations along the radius

and with respect to angle ¢ near the wall are identical. However,
such an assumption for large n leads to strongly oversized values

of tan a as compared to the values 0,0-0,(4 observed 1in exper® ent,

Ny

In spite of the fact that acoustic theory does not allow us
to exactly predict for all cases the average veloclity of transverse »
waves along the detonation front, the very strong influence of acoustic
properties of burning gas on motion of transverse waves 1s without
doubt. As. R. E. Duff noted [7]. this fact subjects to doutt the
satisfaction of the Jouget conditior. behind the real cetonation front,
according to which velocity of react.ion products relative to the
front is equal to the local velocity of sound, and conseguently the
front cannot "know" Wwhat occurs behind the Jodget plane, The influence
of transverse rotions of gas on the Chapman-Jouget condition will te

considered in Chapter V,
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CHAPTER IV

STATIONARY DETONATION

Definition of Cyrillic Item

K =c¢ = critical

The higi speed of detonation processes causes the short durzticn
of the phenomenon under usual conditions, Realization of a detona‘tinn
process which is motionless relative to laboratory system of coordin-
ates would make it possible to set up detailed investigatlions of
structure of a detconation wave, distribution of density, pressure and
temperature, kinetics of chemical reactions, and so fortn, i.e.,
would serve as z powerful means of investigation of detonation pro-
cesses. Furthermore, sbtaining of a detonation wave in a statiocnary
flow would permit us to obtain high rates of combustion of fuels.

Until recently, offorts of sclentists were directed towards
creation in a pipe of a fiow moving with speed of the detonation
wave., When counter velocitles of flow and the detonaticn front are
equal, ‘ne detonation wave can be stopped relative to the observer.
For practical purposes, cﬂ]the higge st interest are mirtures wi':s
nleh calorific vaiue, possessing velocity of detonation of up o
> xm/sec, However, obtaining of statlorary detonation in such mix-

tures is !iwpessible in practice, i{nasruch as stagnaticn tewperature
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at detonation Mach numbers conslderably exceeds igniticon temperature.
Under these conditious, Tlow of mixfure will be ignited on walls of
pipe before detonation wave front. Recently, there have appeared a
series of works in which tnere are undertaken attempts to realiize a
stationary detonation regime by roundabout means.

In 1958, J. A. Nicholls, E. K. Dabora, and R, A. Gealler realized
stabilization of detonation wave 1n free supersonic stream of small
dimension {1]. 1In these experiments, into stream ot oxidizer there
was injected fuel., Explosive mixture was separated from walls of
pire by layer of oxidizer. Upon exit of stream intc atmospnere,
there appeared a system of braking shock waves, which caused igniting
cf the mixture. Burning under these conditions occurred in a strongly
impoverished mixture; therefc-e, such a process turns ovt to be
unprofitable from the energy point of view.

Interesting investigations of detonation burning in supersonic
flow were conducted by R. A. Grossg and W. Chinitz [2]. In a wind
turinel flow of air was acceleraced to Mach number of about three. In
supersonic section of tunnel,
on the walls there were installed
wedges, creating a Mach shock
configuration (Fig. 68). Hydro-

gen or methane was fed through

Fig. 68. Configurations of fronts intake duct located at a certain
during detonation in supersonic

flow according to Gross and Chinitz, distance upstream from the crit-
&) flow without fuel; b) flow with

fuel. ical section. Stagnation temper-
ature of flow changed within wide limits, Starting from certain
stagnation temperatures, addition of hydrogen into the flow led to

change of observed configuration of fronts. ©Normal shock, seen in
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Fig. 63a, became a detonation shock, advanced forward and dimensions
of it were increased. Interesting result of this work is discovery
cf hysteresis effect of ignition. With decrease of stagnation temper-
ature of incident flow, temperature behind detonation shock dropped.
Igniting of mixture occurred at a stagnation temperature of 1033°K,
atter which it was possible to lower it to %66°K. Under these con-
ditions, temperature in reaction zone appeared considerably lower
tnan temperature Oof ignition (894°K); nonetheless, detonation was
maintained.

Extraordinarily low temperatures of reaction zone obtained in
these works show that in processes of detonation phenomena of transfer
rlay an important role, since shock wave in this case cannot serve as
a source of ignition of the mixture,

Deficiency of such a method of realization of detonation regime
as before is the small concentration of fuel; for *these reasons, the
given works are mainly of scientific interest.

R. I. Soloukhin [3] obtained regime of pulsating detonation in
supe.sonic flow with stagnation temperature lying in the region
related to large delays of ignition. Igniting of mixture occurred on
detached shock appearing before a cylinder located in expanding part
of detonation tube., During ignition there was formed detonation wave
moving upstream until unloading from sides led to its attenuation.
Shock remaining after damping of detonation traveled downstrea.; to
initial position, at which there occurred new ignition. Further,
the process was repeated.

The impossibility of carrying cut stationary detonation in
supersonic flows of components mixed beforehand or being mixed in
stoichiometric ratios led to attempts to cbtain the necessary regime

by other methods.
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Developnent of theory of trensverse detonation waves led tc pos-
sibjliity of obtaining stationary regimes witlhout preliminary acceler-
ation of mixture to supersonic speed [4-6]. If we feed the mixture
through holes located on periphery of annular detonation channel,
then during initiation in such a channel of a detonation wave, it is
possible to select rate of fuel feed and diameter of channel in such
a way that during the time of a full revolution of the detonation wave,
the mixtuce has time to be renewed.

Diagram of installation in which there was carried out stationary
detonation of such type is shown in Fig. 69. Front of detonation
wave constantly propagates in one direction along

circumference of annular channel. Channel is a

Fig. 69. Diegram of experiments on obtaining of
continuous detonation in an annular gap. 1)
detonation chamber; 2) plastic; 3) photorecorder;
4) precombustion chamber; 5) receiver for initial
mixture; 6) receiver for exhaust gases; T7) valve;
¢) intake "nozzle"; 9) exhaust chamber.

flat annular gap between two solid walls, one of which is a steel
disk, the other — a disk of plastic., Exchenge of gas mixture in
annular channel is carried out through twe slots parallel to channel
and located on opposite sides of 1its cross secticn, Width of slots

1s somewhat less than width of channel. Supply of mixture was carried
out from center to periphery of ring perpendicularly to direction of
motion of detonation wave. OQuter edge of ring has sianted profile

for decrease of radlal osclllations; which can lead to breakthrough

of detonation wave into the center, and then into the bottle with

the initial mixture., Experiment: were produced with a stoichiometric
oxyacetylene mixture, During use of less active mixtures, possibility

of breakthrough i.to the center decreases.
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Initiation of mixture in annular channel was carried out at one
of points of circumference with help of spark discharge. If we do
not apply special attachments, then detonation wave propagates from
place of initiation simultaneously in various directions. On opposite
side of ring waves colllide; then, due to sharp Iincrease of pressure,
there can occur breakthrough of detonational wave through feeding
slot into reservoir containing initial mixture. Problem of removal
of reverse breakthroughs presents considerable technical difficulties
and is solved by means of selection of special form of feeding nozzle
and establishment of necessary pressure conditions. For preventing
of appearance of counter detonation fronts near point of initiation,
there was Installed a closing device, completely covering cross
section of entire channel. Synchronously with moment of explosion,
the closing device of the channel started to open. Before detcnation
vave had time to complete a full revolution, the closing device opened
completely and left the passage for circulation of the detonation
wave free, Application of special explcsive device ensured acceler-
ation of opening of the shutter of the closing device of the order of
4e10° cm/aece.

Photographing of staticnary detonation in annular channel on
moving film was carried out through upper transparent wail with help
of photorecorder located above the disk. Optical axis of photo-
recorder coincided with axis of annular channel, image of which was
located within the limits of the film. During propagation of detona-
tion wave front along circumference of disk, its image described on
the film a cycloid. One of phototracings obtalned in such a way is

represented in Flg. 70.
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Fig. 70. Phototracing of six-headed sta-
tionary detonation. All fronts move in
one direction.

GRAPHIC NOT
REPRODUCIBLE

For analysis of physical processes accompanying stationary
detonation, we concentrate attention to on: of cross sections of
annular channel., After passage of detonation wave front psst this
point, burning mixture starts to be driven back by the arriving fresh
mixture toward periphery of ring. Initial mixture occupies the region
of a wedge curved along the annular channel, with apex behind detona-
tion wave front and with base coinciding with the following detona-
tional front.

Let us assume that veloclty of detonation is equal to D, outflow
velocity of initial mixture is v and diameter of annular channel is
d. Then time of full revolution of detonation wave equals:

t=29 (4.1)

D
Time between two consecutive moments of pascsage of detonation wave

in the case when detonation consists of n heads revolving simultan-

eously along the circumference is equal to:

fh= oo (4.2)

Considering speed of mixture along radius of channel to be
constent, we obtain magnitude of projection Al of every detonation

front onto direction of radius:

=25 (4.3)

As experiment shows, quantity Aln apparently does not depend

on v, Increase of v leads to proportional increase »f number of
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fronts n.

Stationary detonation occurs, as a rule, as many-headed, and
only at the limit can there exist a single detonation front. Many-
headed stationery detonation constitutes a very stable process.

Number of fronts is establiished to be without limiting. This property
is easy to understand if we remember that every front is a base of

the above considered wedge, the magnitude of which for given mixture
should remain constant. If there occurs accidental reauction of
number of heads, then ahead of at least ore of the remaining ones
there will be attained a width of zone of fresh mixture exceeding

the limiting width; this creates condition for appearance of new front
and restoration of number of heads. In the reverse case, with appeer-
ance 0of a number of fronts greater than normal, there are formed we-:r,
easily attenuating fronts, width of which is less than limiting width;
this leads to reduction of number of fronts to a stable value.

Speed of propagation. of stationary detonation depends on number
of heads. In the 1limit, when only one head is formed, speed approaches
the usual speed calculated according to Chapman and Jouget. With
increase of number of heads, it drops to & magnitude of about
1.4 km/sec, approaching speed of sound in detonation products. In
every experiment, pressure in feed recserveir decreases with outflow
of gas mnixture. Thus, on phototracings there was observed reducticn
of' number of heads toward the end of the process and increase of
speed of detonation.

Before every transverse wave in the considered channel, gas is
divided by contact discontinuity GM into two reglons (see Fig. 71).
Let us assume that full width of channe! 1s equal to h, width of

region of unburned gas along radius is Al. Let us construct two




.fv

control planes perpendicular to annular

channel: one before detonation front

a
and the second after the front at a dis-
tance where all parameters can be con-

b sidered as uniform over the cross section.

In reference to these two control sur-

faces, it is possible to write conserva-
Fig. 71. Two variants of

flow during stationary tion equations for flux of mass, momentum
detonation.

and energy. Since flow rate of gas

through transverse wave considerahly exceeds flow rate through feed
and exhaust slots on the section between control surfaces, the latter
will be disregarded. We have
(A=Al D+ Alp D=peu,k;
(A—Al)p, +Alp, + (A—Al)p, DP+ ALy, P =

‘ =pok + . WA (4.4)
= 3hnD(h+-T)+alnD(L+ )=

, _ 2 .
=‘h‘.(’.+"~"‘)o
where u 1is speed of gas relative to the considered wave; subscripts
1, 2, and * pertain respectively to unburned gas before front,
unburned gas before front and gas after detonation wave front.

System of equations (&.“)‘can be transformed to usual form:

Doy =pq8;

Pt DPre=pe + 800 (4.5)

o P

where there are introduced designations:

=Siptta-ahp
h= Y ’ (k.6)

=dinh+@—-anpni (5.7)
Aip+a—-anpy




and
Pe=P1=ps.

For calculation of speed of detonation, we will consider that

after the front there 1s satisfied the usual condition of Jouget:
l!:d:—lb—. (4.8)

Pe

Then for ideal gas with constant ratio of heat capacities we

obtain from equations (4.5) and (4.8) the formula

- R TI & 1"5
D=1 1) -lf—+‘/[l.(r~n—m] : (4.9)

Density and pressure are determined by the relations

n-;hh(—h— +l)

Pe=p+nDi(1-£). (4.11)

*
Speed of detonation is more conveniently expressed in terms of
heat of reaction Q, ratio a = (Al/h) and temperatures of gas before
front T, and T,. We substitute I, and I, in equation (4.7) in the
form
hy=CJ, k=C,T,. (4.12)
Using (4.12), (4.7), and also equatlions of state of ideal gas

and assuming constant molecular weight, after transformations cf

formule (4.9), we obtain

|+o -—l)[ .E%:+;—ﬁ+

+\/<--é;.-+,:.)'—(,:.)'l-

, . 2
As @ = 0 {increase of number of heads) D% = CpTz(v - i) = YRT, = ¢

D=

(4.13)

fer @ = 1, formula (4.13) determines usual Chapman-Jouget speed of

detonationr.
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For clarification of structure of wave appearing during station-
ary detonation, there was performed photographing of process through
2 radial slot., Axis of photorecorder was fixed perpendicularly to
plane of annular gap. Speed of rotation of drum of photorecorder was
chosen in such a way as to compensate for motion of the photographed
object. Photographs obtained thus reveal a triangular region of glow,
one of the sides cf which lies on inner circumference of ring. Vertex
of triangle does not reach outer circumference of ring.

On the basis of obtained photographs it is possible to present
two variants of diagram of flow in region of head. 1In Fig. 71la,
there 1s shown one of variants. Here GM is boundary between fresh
mixture (region I) and burning gas (region II); NMC is shock wave;
at point M — breek of shoctk wave at intersection of contact discon-
tinuity. LC is reflected shock wava, after which chemical reaction
mainly occurs. Region V is region of dispersion of detonation products
after wave CL. Due to rotation of contact discontinuity, there occurs
compression of gas in region VI, and thus there is realized a pres-
sure head, due to which there exists shock wave MN. Second possible
variant (see Fig. 71b) little differs from the first. Difference is
that point C is able, in general, to move not along the wall, but
at a certain distance from it; then between point C and the wall
there will be formed transverse front BC.

Intire system of shocks (in both variants) is analogous to that
abserved during spin detonation in region of lower trinle polnts
(see Figs. 32 and 55). Shock MN is identified to that which is
adjacent to transverse warve of part of the tra.l. Triple point Z is
formed by transverse wave and two shocke analiogous tc hose observed

during spin. As in the ‘ase of spin detcnation, shock CL is refie-ted
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from contact discontinuity ML in the form of a centered rareraction
wave, Luminous triangles revealed on phototracings apparently, cor-
respond to region of burning gas between front CL and rarefaction
wave. On phototracings of the process, front BC cannot be revealed,
but, nonetheless, thr second variant 1s more preferable, since in
absence of front BC, after the system of shocks there do rot appear
temperatures necessary for igniting of the mixture,.

If stationary detonatior 1s initiated without covering of the
channel, then there appear heads revolving in opposite directions,
and tracings of the process appear as shown in Fig, 72. In this case
there is hampered selection of magnitude of pressure at which there

does not occur passage of flame into bottle containing the mixture.

Fig. T2. .Phototracing of stationary det-
onation with heads revolving in opposite
directions,.

GRAPHIC NOT
REPRODUGIBLE

In process of investigations there was carried out stationary
cetoration under conditions when acetylene and oxygen were fed Into
chamber separetely and mixing occurred in thé ennular channel,

Let us coasider process of exchange of fuel mixture. Supply of
mixture is produced through narrow hole from a bottle, where there
is created pressure of 500-60C mm Hg, end occcurs under conditions of
critical outfiow, for which expressions for speed and censity of

gaseous medium and 21lso for fliow rate of gas G have the forn:

m"-f' " a——-
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D, ™ ¢ l/r‘z"' !bLJL"—l'
[ § ’ ,+" h \1+' ’
Lis
2y-1

(4.14)

0= '-hse."—; SeCote (‘-%'l')

Let us designate cross section of exhaust slot 82; then, con-
sidering that speed of sound in detonation products is ~lose to D

(for a many-headed stationary process), we have

’ I+
t-' 4,1
h( (4.15)
._-,!ap_
hes"sp * ¢
For pressure in annular channel we have
,,\-n.?_-.___b.w (b.16)
1 &K
or
p,.:-:'—;%- . (4.17)

Regime of critical outflow in minimum cross section of feed noz-
zle cen be fulfilled in the case when
| |

2 .
r<pin () (4.18)

We substitute p, from (4.16) in equation (4.18):

e 2 ) 4.19)
Pre<Pre w(‘+‘) (
and finally obtain
_L. ,
A'("'(Hn : (3.20)

With nonsatisfaction of this conditioi, pressure will not aatisf:r

condition (4.17).
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Occurrence of stationary detonation process is accompuanied by
radiation of continuous sound with frequency nf, where n is number
of heads, f 1is freauency of revolution of every head, magnitude of
which is determined by relation

. f= 'D‘ . (4.21)

Till now we conslidered stationary detonation in an annular
channel, It is also possible to imagine other methods of obtaining
"stationary" detonation, process of combustion in which will be
carried 2ut by transverse waves, for instance between two planes, If
supply of gas 1is produced through a large number of holes perpendicular
tc one of the planes, and removal is carried out through analogous
holes in the other plane. In this case the entire flat region will
be divided intn triangles and polygons, continucusly varying in sna:
as a result of displacement by the front. Dimensions of the cells
depend on mixture composition and pressure according to the same laws
which are applicable during determiration of dimensions of cells cf
usual detonation.

In distinction from the yellow flame of usual burning, color of
flame of stationary detonation is blue-green. Apparently, due to
fast burning after shock wave, atoms of carbon do not have time to
be recombined in big groups, due t. which there is simultaneously

attained more compiete combustion of the explosive mixture.

LITERATURE LIST TO CHAPTER IV

i J. A. Nicholls, E. K. Dadora, and R. A. Gealler. VII-th
Symposium (International) on Combustion and Detonation. London, I-s-
159, (1259).

2. R. A. Gross and W. Chinitz. J. Aern/Space Sci., <7, 7, °17,

3. R. I. Solcukhin., PMIF, 5, (1961).

i1

el e T—————— e — -




4., B. V. Voytsekhovskiy. DAN, 129, 6, (1959].
5. B. V. Voytsekhovskiy. PMTF, 3, {1960).
6. B. V. Voytsekhovskiy. Academic Council on national-economie

use of explosion. Issue 13, Publlishing House of Siberian Franch of
Academy of Sciences cof USSR, (1960).

152




CHAPTER V

CERTAIN GENERAL CHARACTERISTICS OF DETONATION WITH TRANSVERSE WAVES

Definitions of Cyvrillic Items in Order of Appearance

= J = Jouget

= turovulent

"
S
o
l
d
=
H
o

Bl = tr = trail

pasH = eq = equilibrium
afp = eff = effective
pa3r = rar = rarefaction

Experimental observations, and also theoretical conclusions of
%. T. Shchelkin, P. M. Zaydel', and V. V. Pukhnachev (see Chapter III)
permit us to ccnclude that classical smooth detonation front with one-
dimensional zone of burning behind it is unstable under usual condi-
tions, apparently for all gas mixtures. Instability leads to forma-
tion of transverse waves. Every transverse wave, in turn, constitutes
a detonational complex, in most cases nonstationary. 1In this complex,
the mixture is burned by a transverse front moving along the shock
compressed gas, and by a break of the leading shock front appearing
during flow around region of high pressure after the transverse front.

Transverse detonation waves appear and attenuate simultaneously

with appearance and attenuation of detonation wave on the whole.
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During usual multiple-front detonation {(in other words, '"pulsating,"
according to Yu. I. Denisov and Ya. K. Troshin), transverse waves
pericdically collide with each other; consequently, they are non-
stationary. Stationary transverse waves can be observed only during
spin detonation in round pipes and under special conditions of con-
tinuous detonation in flat annular channels (see Chapter IV). Struc-
tures of transverse waves during steady-state multiple-front detona-
tion and spin detonation qualitatively are identical.

The continuation of transverse front into reaction products is
the trail, which constitutes a shock wave, which is transformed with
removal from the front into an acoustic wave. Direction of trail
little deviates from perpendicular to the total detonation front.

This means that average speed of transverse waves along front is close
to speed of acoustic wave in products of reaction. The noted pecu-
liarity of motion of transverse detonation waves becomes understandable
after consideration of continuous ("stationary") detonation in an
annular channel. In the latter case, structure of transverse wave
differs by the fact that leading shock front, which preliminarily
compresses and heats gas during usual detonation, is totally absent.
Instead of it, there is the internal wall of the annular channel,
through the slot 1n which there proceeds fresh mixture. Before every
transverse wave, the layer of fresh mixture occuples only part of the
section of the channel, and the width of this iayer turns out to be
insufficient for an independent detonation with local Jouget condition
after its front to propagate through it.

However, here there turns out to be possible a stationary
process in which igniting of narrow layer of fresh mixture 1s provided

by a comparatively weak shock wave 1n the wider layer of hot products
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of reaction adjacent on the side. Expansion of the burning gas, in
turn, supports the leading shock wave in the hot layer. Such a pro-
cess in a two-layered medium, without doubt, should be referred to
detonation prccesses, At small megnitude of ratio of width of layer
of initial mixture belore wave to total width of channel, speed of
vove with respect to walls is close to speed of sound in the layer
of burning gas.

A similar mechanism of interaction is established, apparently,
between transverse wave and trall during multiple-front detonation.
Speed of transverse wave, in general, depends on ratio of width of
transverse front proceeding through layer of compressed unreacted
mixture to length of zone of reaction after it. If this ratio, which
depends in turn on number of transverse waves per unit length of
detonation front, were sufficiently great, speed of transverse front
between head-on collisions would be determined by local Jouget con-
dition after the transverse front. In reality, number of transverse
waves per unit length of detonation front is established to be such,
that between neighboring transverse waves new waves do not have time
to form (due to instability of the smooth front). Thus, width of
transverse fronts turns out to be comparable with the extent of the
reaction zone after them, and in process of burning, gas is expanded
to the sides. Consequently, work of expansion of burning gas after
transverse front goes not only to support the transverse front
itself, but also the adjacent part of the trail and the "break" in
the leading shock front,.

It is necessary to expect that during multiple-front detonation,
transverse fronts, as a rule, are smooth; i.e., on them there are no

longer the small transverse perturbations revealed durlng spin deto-

nation of mixture 2H2 + 02. Otherwise, zone of reaction after
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transverse front would be considerably less than its width, and the
front would propagate according to Jouget.

Let ut now discuss guestion about influence of transverse waves
on average characteristics of medium after front, and the Chapman-
Jouget condition. Presence of transverse waves makes the state of
gas in every plane parallel to the front nonuniform; therefore, one-
dimensional theory of detonation presented ir. Chapter I needs correc-
tions, which would consider non-one-dimensional effects. Apparently,
the first serious attempt in this direction was made by D. R. White [1].
Interference photographs of reaction zone in detcnation wave obtained
by him showed th2 presence cf strong heterogeneities of density near
the front, which with increase of distance from the front gradually
disappear. Without investigating causes of appeerance of hetero-
geneities and thelr structure, Wnite describes them in the first
approximation as isotropic turbulence, although he indicates that in
reality isotropism does not exist. Actually, nonstationary motion of
transverse waves and presence in structure of each >f them of con-
tact discontinuities with great difference in tangential velocities
should lead to development of turbulence after the front. However,
in front layer with tnickness of the order of the width of trans-
verse fronts (we will call it subsequently the "layer of transverse
fronts"), heterogeneities of the mediea are connected basically not
with turbulence, but with motion of trarsverse waves themselves. After
this layer .here have to be considered turbulent pulsations of the
medium, which are more or less 1sotropic with respect to directions,
as well as ordered transverse motions connected with the trails,

in layer of transverse fronts, amplitude of pulsstions of
velocity in order of magnitude 1s close to speed of sound in Chapman-

Jouget state Cye And since basic scale of heterogeneity in the firont
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is a, then as the criterion of developuaent of turbulence there should
serve Reynolds number R = (cJag/r).

For mixture CQH2 + 2.5 02, R = 2000, 1i.e., is close to critical;
for other, less active mixtures, Ior instance 2H2 + 02 and 2CO -- 02,
Reynolds number is considerably larger (due to large a a*t that same
density), and turbulence undoub*edly is developed. Apparently, only
in mixtuvres comparable in activity with CEH2 + 2.5 O2 does turbulence
not occur.

Oscillograms of pressure in mixture 2C0 + 02 with smail additions
of H2 given in Chapters II and III do not make it possible to clearly
reveal turbulent pulsat .cns of pressure against the hackground of
characteristic nolses of the pickups, although their resolving power
‘s sufficient. On the basis of these oscillograms, -t may be con-
cluded that amplitude of turbulent pulsations of nressure Apturb in
any case is not more than 1/5 of amplitude of pressure in the traiis
Ap, .. Since Apy rp ™ P(Auturb)2 and 4p, .~ pbuy ¢y, then, considering
(Apturb/Aptr) ~ (1/5) ard &u, . ~ (1/3)cy, we obtain g ~ (1/%)cg;
i.e., although turbulent pulsations of pressure are certalnly less
than in the trails, pulsational velocity of particies which is corn-
nected with them, and consequently also kinetic energy, can te of the
same order as in the tralls.

Following White, we 'will write laws of conservation of flux of
mass, momentum and energy on contrcl surfaces parallel to the front
w.ich are constructed tnrough the initial state of tne mixture (sub-
script 0) and reaction products (without number index) in a system of

coordinates motionless with respect to the front:
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tD = | pndS:
>y
}
Po'*‘hu-‘g‘" +"“l'dsa
(5.1)
..o(l.+-—- =%-)'u, +1)as,

where axis z is perpendicular to middle position of front and coin-
cides with direction of velocity of undisturbed flow;

I — enthalpy of gas (including chemical energy);

S - area of integration, containing large number of transverse
perturbations in gas, or equal to area of cross section of detonation
channel (for emall nwaber of transverse waves).

Relations (5.1) are true only on the assumrntion that integrals
in right sides do not depend on time.

Let us introduce des’gnations:

=5 |res; '=—;-'\‘u8.
;.—'?-;".‘s. 8, =8 —8;
=
- .":‘.‘; zzsn’iﬁ; (5.2)
T
Jl,d
= { p= 3 r=i1-1.
'

Here u, is ccmpcnent of veloclty in directinn perpendicular to
axis z. All quantities have usual meaaing: [ and p respectively
are average density and pressure over cross section; Ez’ :T?, ;f, T
are mean-nass values of the ccrrespcending cuantities.

Using (5.2) end separating from enthalpy the chermical energy Q

by means of equality
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’-’.='(P- ) — lo(Pasbe) — Q

we can transform equations (5.1) to form analogous to (1.1)-(1.3):

PotrDP=p+om(l +a); (5.4)
. r.
(P ) + 2= 0T, o) + - — (@ — 3), (5.5)
where .__;E
=3
fr';"s J— Jpl;(-;'ci’ ' )ds
. 1 5
A=r———— g, +—ul . 5.6
§i.°3+?'+2“..'- %u;-S (5.6)

Corresponding relationships of Wnite differ from those given here
by the fact that in expression (5.6) for A, in virtue of the assump-
tion abcut isotropic turbulence, first and last terms are equal to
0, and ;? = 2:3. Last term indeed is always small as compared to
the others, when a << 1; the first, however, near the pulsating shock
front, as it is simple to estimete, in absolute value can even exceed
subseqguent terms. Quantitative estimate of change of first term with
increase of distance from front is difficult, but sufficiently
obvious: with development of lurbulence behind layer of transverse
fronts, when pulsations of particles with identical sign of I' become
equiprnbable in directions +z and -z, it rapidly approaches O. Under
the cendition that amplitude of pulsations of front along axis z is
much larger than thickness of strictly the shock transition (which
is always satisfied), equations (5.3)-(5.6) also describe transition
through layer containing protuberances and depressions of the leading
shock front. 1In this layer of protuberances and depressions, Q

attains value close to 1; therefore, it is necessary to censlder aiso

the last term in the expression for 4,
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Designating (Eypo) = T and (3790) » 0, fron equations (5.3) ana
(5.4) we will obtain
Ds 1 ’
:—l:-!’;-—[l-—.-(l-{-a)]. 5.7)

and using also equation {5.5), in which there is set 1O(po, po) =
= [v/(v - 1)1(py/pg) &nd 1(p, p) = [W/ (¥ = 1)1(7/0)(py/r(), we will

come to the "corrected" Hugoniot relationship

I=1 b g 1=t _2t]
«+ 7 A_,(c $)- r .

] = —
‘ = ' c-l. (5.8)
‘ ‘-'—- . e+ ,
N,

The most important distinction from purely one-dimensional flow
here is that states inside stationary zone described by averaged
are not located along a straight line if a changes, as one mey see
from equation (5.7).

In Fig. 73 there are depicted possitle steady-state detonation

processes in plane (1/0, 7). Here H, and H_, are respectively shock

q
¥ and equilibrium detonation
adiabats for one-dimensional
flow, At glven speed of deto-
”42‘ nation, family of straight lines
along which a = const is a pen-
cil of straignt lines passing
thiough the point with coordin-
aces (1/¢) = 0, 7 = 1 +

+ (p,D/p,), where the straight

AR v ST PSS wu wEe AR I D WS TP A

line for a = 0 passes through

[] é point of initial state (classical
Fig. 73. p, v-disgram of steady-

state detonation processes taking straight line of Michelson). If
into account pulsatiocns.

speed D is given, then change of
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ctate inside detonat.on zone is completely determined by change of

parameter a and effecltive guantity of heat released:
Qm::Q - A.
From equality (5.3)-(5.5) there can be ootained relationships

analogous tc (1.21)-(1.23), which express dimensionless average den-

sity and pressure 7, and also number M:%:—‘T:-l:—:— as a function of
.

parameters a and Q eff at given speed D.

4+1n'¢ V(o’ @) — 21D (2} + (1 -no-]—

8,3

R+a-1 (5.9)

= 20v— 1) D*Queefl + 7+ 2oyt .

) WA 4+ 2Q.99) '
'13=1+171‘~—\1"‘)] (5.1C)

M= ! .
1.2 ( | ) ) L ] (i..11

7'1«:""!‘, ~(1+4

The two signs in equality (5.9) correspond to two intersection
points of straight line (5.7), on which D = const and @ = const, with
Hugoniot adiabat (5.8), on which Qeff = const and a = const, Equality
(5.9) shows also that in stationary (with respect to introduced
average quantities) zone effective quantity of heat Qeff cannot exceed

a certain value

(0}—4qY - 1-10'(24+(x~l)0'l

G- D1+ 1+ M)

Qupe = (5.12)

!
at which the subradical expression becomes zero, At the point with
” * C o » . .

coordinates ¢ = O(Qeff) and ¥ r(Qerf), obviously, there occurs

contact of straight line a = const and Hugoniot adiabat fcr the same

-
= = : hat at th int
a and Qeff Qeff const. Calculations show that a is poin

M (Qiee) :- ._l., : (n.12)

i.e., averaged Mach rurmber at the point corresponding to highes:
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possible release of heat in stationary flow is less than unity if
1 > 0,

Curve O'K'A'C' in Fig. 73 depicts behavicr of chaunge of averaged
magnitudes of pressure and density in supercompressed detonation
wave stupported by a piston. Section OK'A' corresponds to transition
in layer of protuberances and depressions cf leadinz front,.

From relationship (5.8) it is clear that Hugoniot adiabat for
any fixed values of Qeff and a > O 1lies above Hiugoniot adiabet for
the same Qeff and a = 0, Inasmuch as in rcglilon of maximum 7, Qeff >0
(. inly due to chemical reaction in the prut bderance:) and a > O,
maximum average pressure in detonation wave is always smealier than
on plane shock wave front propagating with the same velccity. Tran-
sition through pulsating detonatior: fr.nt in many respects resemvles
transition through a plane detonation front with strong viscosity
(see Fig. 8). 1In connection with the _act thet in supercompressed
wave length of coiumn of gas before piston can be assumed to be suf-
ficient tor damping of &1l pulsations

EH
of losses w'll be depicted dy point Cl on the equilibrium adiabat.

final state of gas in absence

Most imcortant here is the question about finding of the regime
of self-supported detonation. The exceptional constancy of speed of
detonation ¥known from exreriment means that even in nonunifurm flow
at a certain constant distar.ce from the front there is a surfsce on
which time average velocity of perturdaticns moving in the direction
of front s equai 'c time average velocity of particies. Therefore,

nonstationary rarefaction wave, if {t &djoinsg ¢his surface, cannot

%

pass thrcugh it and weaker. *he detonation front. Every elcment of

*:

such a surface pulsates near a certaln average pesitian with Sregueti-

cles corresponding to freguencles of motion of trhe tralis snd turbulent
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pulsations. The plane passing through middle position of the con-
sidered surface, Just as in the nbsence of pulsations, is rnaturally
called the Jouget plane, To the Jcuget plane, in zeneral, there can
adjoin the rarefaction wave, «s well as the stationary supersonic
zone,

In turbulent flow, speed of perturbations dnes not coincide with
the root-mean-square velocity of sound ¢ = fYD/F introduced earlier
into Mach number. In system of coordinates mcving together with
detonation wave, local velocity of perturbatinns in direction -z is
equal to (c - uz). It 1s clear that rarefaction wave front wiil
propagate the fastest of all through those particles of the redium
in which this difference is maximum, and will cause drop of pressure
in other particles, adjacent on the side, with smaller value of {c -
- uz).

Velocity of perturbztions rel-tive to turbulent medium oobviouz -
is larger than average speed of sound, and plays the same role as
"frozen" speed of sound in a relav‘ng medium. It ccincides wi*h
velocity of rarefaction wave front, which carries infinitesimal
changes of pressure. Rcgions of rarefaction wave with droo of precs-
sure noticeable in practice propagate relative to the medium with a

certai:. emaller velocity v Namely, this last vciocity should

rar’
be included in the condition in the Jouget pliane:

=1 (5.14)
Cpen

Anparently, guantity v always lles between average rrec. of

rar
cound and velocity of perturtations. Our subsequent conclus‘® ng are
based on the assumption that :n plane after detonat'onai front, where
=3, u, $v . Considering (5.12), we see that this assumption
‘s equivalent tc the following:
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the valldity of which dues not cause doubt.

In Jouget plane, where (5.14) 1s satisfied, value of M differs
from 1 by a magnitude of the order of ‘/E; therefore, Jouget cendifion
for detonation wave wlth turbulent zone in terms of M and a will be
rewritten in the form

M=1+hVs, (5.14")
where Bi is & numerical coefficlient of the order of unity.

For propagation of self-supported detonation wave with constant
speed, it is necessary that value of M determined by equality (5.14')
be attained in stationary flow.

In the presence of transverse waves, combustion of mixture occurs
in the narrow front layer of the detonation wave which contains trans-
verse fronts. Here there is released the basic quantity of chemical
energy R, which afteir the shell of transverse fronts apparently changes
little, It is essential;, however, that toward the end of the layer
of transverse fronts the value of a still be sufficiently great (al-
though considerably less than 1).

Relationship (5.9), describing change of o0 in process of release
of basic quantity of heat, should be taken with the "plus" sign
before the radical. Equalities (5.9)-(5.13) show that for achievement
of M > M(Q*) 1t is necessary that the radical pass through zero and
change "plus" sign to "minus." Let us separate from effective heat
the term connected with pulsations along z (see (5.6)) by means of

equality
S _ D

Q'“=Q' ——;l-—‘—-.

Equating subradical expression to zero and disregarding small terms

2
of the order of D2a2, and also ca as compared to D2, we will obtain
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0'-2(1*—:\0'--:";’:0-:0. (5.15)

It is ersential that term containing @ be contained in last
:uality with negative sign. (Sign of this term remains negative
while numerical coefficient of a(D?/oe) In the next to last equality
is less than v/(y - 1)).

It is obvious that during approach to Jouget plane a moncton cally
decreases, Q' can increase monotonically, as well as pass thrrcugh
maximum (due to pecuilarities of mechanism of reaction) with subsecccent
decrease.

Since in self-supported stationary detonation wave =squality
(5.15) should be satisfied at a certain interior point, where a =
—— > 0, tnen suvsequent decrease of a can lead to growth of the
subradical expression if Q' no longer increases or increases suffi-
ciently slowly. Then with change of sign before radical and further
growth of o0, value of M will grow. Let us show that it attalns then
the magnitude determined by condition (5.14').

Let us designate a = o at Qepp = Q:ff, and place (5.15) in
(5.9); then we place (5.9) with the "minus" sign in ‘5.11), and then,
again disregarding cg ir. comparison with D2 and terms of the order

of 02 and a}/z, after transformations we will obtain

Mt = - ' -
P4aty+ y.0°—a)—5p3(1—1e® —e) - (5.16)

. —V G-+ N(e®—13)
where 1 > a > a > 0.

Since with decrease of a expression (5.14') tends to unity, and
(5.16) at v < 5/3 tends to a quantity larger than unity, it is clear
that in a certain plane (point B in Fig. 73), where @’ >a>o0,
value of M attains the magnitude 1 + Bi‘/a. This plane will be the

Jouget plane, since perturbations cannot penetrate through it in the
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.rection of the front.
After the Jouget plane M continues to grow, and flow becomes
upersonic relative to detonation front. (By speed of sound, here
t 1s necessary to understand effective, i.e., true speed of sound).

if the staticnary zone is continued up to total damping of turbulence
and trails, then end point 02 obviously will lie on equilibrium
adiabat below point of tangency F to it of the straight line of
Michelson,

Demonstration of the uniqueness of the regime of self-supported
detonation can be approached in the following way: Let us consider
series of stationary supercompressed regimes (supported by a piston)
for which speed of detonation D gradually decreases. It is clear that
at sufficiently large D subradical expression in eguality (5.9) is
everywhere positive., and that in reaction zone the root should be
taken with the "plus" sign. Passing onto regimes with gradually
decreasing speeds D, we will reveal that on a certain curve OKAEC1
describing the process (see Fig. 73), subradical expression for the
first time will become zero at a certain point E (we do not consider
vanishing at two or more points as an exceptional case). It is
obvious that at remaining points subradical expression remains posi-~
tive, since we approached the considered position from the region
where 1t was everywhere positive. But after point E the root can
change sign, and curve OKAE is branched into two: EC1 and ECE' Lower
branch EC, will correspond to "minus" sign before the root., For the
case when after point E there changes only o, it was shown above that
on curve OKAE02 at a certain point B veloclty of flow beccmes speed
ct sound relative to the front; consequently, the corresponding

regime will be self-supported. From equalities (5.9)-(5.13) it
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fellows that along curve OKAEC1 velocity of flow is everywhere sub-
sonic and that the corresponding regime can be realized only in the
presence of a supporting piston. 7%hus, pressure and density, which
attain at point E minimum value, then grow again, nearing values
daztermined by the vpper interrection of Michelson straight line with
the equilibrium adiabat,

Stationary detonation process with smaller velocity D than on
curve OKAE is impossible, since in this case after becoming zero,
the subradical expression becomes negative.

Thus, we arrive at the conclusion that the unique self-supported
svationary regime of detonation is that which is depicted by curve
OKAECE.

Position of point E inside detonation zone is determined by
character of change of Qeff and a, Above we assumed that at point E,
@ =a >0, and that Q attains finite value. We will briefly cen-
sider two other important cases.

If heat released in process of reaction passes through maximum
and then decreases, nearing equilibrium, the point can appear on the
other side of the equilibrium adiabat.

In this case process will not differ from that considered, except
that conditions of transition to supersonic flow are additionally
eased,

There is possible the case when point E is reached only at an
infinitely large distance from the front, where all pulsations attenu-
ate. Then it will be on the equilibrium adiabat and will coincide
with the Chapman-Jouget point (which is apparently equiiibrium, since
after an infinitely extended reaction zone i1t 1s natural to assume
also an infinitely extended rarefaction wave, which propagates

relative to the gas with equilibrium speed of sound).
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From (5.15) we obtain that velocity of detcnation determined by

equality . e
Dy A= NQ ,
l-""%-}? (5.147)

can appear larger than the veloclity of detonation calculated in the
absence of turbulent pulsations from the condition of tangency to the
equllibrium adiabat. In experiments of D. R. White on the mixture

2H2 + O2 + 2C0, with increase of initial pressure it was observed that
measured velocity somewhat exceeded velocity calculated from the
equilibrium condition of Jouget. Furthermore; velocity of gas after
detonation front appeared supersonic. (It is necessary to note that
thie excess of observed velocity over calculated velocity and super-
sound after the front can be explalned even without taking into account
pulsations on the basis of one-dimensional theory of Zel'dovich,

which was presented in Chapter I, if we assume that release of heat
passes through a maximum). If in the plane where there is satlsfied
condition (5.15) a sufficiently large fraction of chemical energy

is still contained in kinetlc energy of the trails, then velocity

of detcnation will be less than that calculated from one-dimensional
theory; this is always the case during one-headed spin detonation.
Additional lowering occurs due to losses, which we did not consider
here,

Estimate of energy contalned in trails and turbulent pulsations
on the basis of oscillograms of pressure shows that near transverse
fronts it is about 1% of the chemical energy released in the detona-
tion wave, and rapidly decreases with increase of distance from the
front, Therefore, deviations of velocity of detonation from that
calculated for the one-~dimensional zone from the equilibrium condition

of Jouget &re small.
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Much larger corrections are given to mean values of pressure and
density by consideration of pulsations. Above it was shown that
maximum average (over cross section) pressure in detonation wave is
less than that after a plane shock front propagating with velocity
of detonation. Experiments of S. M. Kogarko [3], in which maximum
of measured average pressure always turns out to be between pressures
after plane shock front and at the Chapman-Jouget point (without
approaching either one), confirm this conclusion. According to data
of G. B. Kistiakowsky and P. H. Kidd [4], maximum averaged density in
direction parallel to front is also approximately 1.5 times less than
after plane shock wave,

According to measurements of D. R. White, the pressure after
Jouget plane in detonatlion wave is less than that calculated from
Chapman-Jouget equilibrium condition. (Our measurements, described
in Chapter III, are not exact encugh to warrant such a conclusion).
R. E. Duff and H. T. Knight obtained as a result of precise experiments
also densities which were too low, for explanation of which they
propose to consider composition and vibrationel degrees of freedom
of molecules [5] to be frozen in the Jouget plane. On the basis of
the above results, thesc facts are explained, since point C, (see
Fig. 73), and possibly point B which are separated by a small interval
of change of a, but by a larger distance after the detonation front,
lie below and to the right of the point of tangency F to the equl-
librium adiabat. Point 02, in general, must .ot be determined by
any of the frozen conditions of Chapman-Jouget; coincidence can only
be accidental.

Basic characteristic dimension of de*tonation front 1s average
dimension of cells a, formed by the intersecting transverse waves.

+ructure of transverse waves in all mixtures can be considered in
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first approximation to be geometrically similar, This assumption 1s
based on the fact that trace imprints of transverse waves on sooty
walls of tubes are qualitatively identical for mixutres strongly dif-
fering in chemical properties (2C0 + O, and 2C,H, + 505;. In such

a case, all other characteristic dimensions, for instance average
width of transverse fronts, are proportional to a. If all transverse
waves have structure of I-st type (see Chapter III), then combustion
of mixture occurs in a layer whose thickness is determined by dimen-
sion of transverse fronts; i.e., of the order of 0.2a. Assuming

that in three-dimensional detonation front there are also formed
transverse waves with structure of 1I-nd type, we obtain effective
thickness of detonation front, approximately equal to a. This is
confirmed by comparison of dimensions of cells in various mixtures

(see Table 4) with experimental measurement of effective thickness of

detonation front by Ya. B. Zeltdovich, S. M. Kogarko, and N. N. Simonow,

Average dimension of cells in detonation front dependc on
reactivity of mixture. If behavior of chemical reaction can be des-
crived by an equation of form (1.19), then, 1in absence of transport
phenomena, dependence of width of reaction zone after tre plane of
the shock front on temperature and pressure is determined baslically

by the factor
L
‘"
.
where E — effective activation energy;

m — order of total reaction with respect to pressure;

T and p — respectively temperature and pressure after the shock
wave [2].

During multiple-front detonation, extent of reaction zone after

transverse front is of the order of width of the actual front, and
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consequently 1is proportional to a.

The idea of use of experimental dependences of average dimension
of cells on initial parameters of mixture seems attractive for pro-
duction of data abcut kinetics of chemical reaction [6]. It is most
simple by this method to study the influence of small gas additions on
kinetics, which strongly change chemical reaction rate. In this case
velocity of detonation, composition of reaction products, speed of
sound in products and, consequently, temperature and pressure after
transverse fronts practically remain as before, and by change of
dimension of cells it is possible tc judge about change of rate of
reaction. If speed of detonation and, consequently, temperature after
transverse front do not depend on initial pressure (for instance, in

mixture H2 + 012), then, by knowing derendence of a on Pgs We can

- determine order of reaction m., According to experimental measurements

(see Chapter III), dimension of cellz in various mixtures changes
approximately in inverse proportion to initial pressure; this corres-
ponds to reaction of the second order. However, the exponent in
expression (3.4) does not determine exact value of m, since during
change of pressure in given mixtures velocity of detonation does not
remain strictly constant.

However, determination by this method with any degree of reli-
ability of the effective activation energy is impossible, in view of
the strong change of temperature after the transverse fronts between
their successive collisions., During one-headed spin detonation,
there also exists uncertainty of temperature, due to the presence of
small-scale perturbations on the transverse front itself. Further-
more, in process of support of reaction after the transverse wave In

hydrogen-containing mixtures, an essential role is apparently played
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by diffusion of active centers of H. In this case, dependence of
width of reaction zone on temperature after the front no longer is

E/RT). Let us refer to experiments of R. A.

determined by factor e(
Gross and W. Chinitz [7], who observed stable ignition of the mixture
after the shock wave under conditions when temperature in zone of
reaction was everywhere lower than temperature of adlabatic self-
ignition.

On the basis of ideas about transverse waves, it 1is possible to
exelain the 1imit of spin detonation in pipes without using the loss
factor. Width of transverse front during spin detcnailion constitutes
a fully definite part (1/8-1/10) of length of the circumference. If
irn tubes of fixed diameter we gradually decrease initial pressure of
mixture, then ratio of width of transverse front to length of zone of
reaction after it wiil decrease. For a value of this ratio smaller
than a certain crivical value, spin detonation will become impossible,
since transverse detonation front will attenuate due to strong dis-
cnarge to the sides. The same will occur if we apprcach the limit
by any other method: by decrease of diameter of tuve or change of
composition of mixture.

Losses affect limit of spin detonation only indirectly: they
decrease speed of detonation, as a consequence of which temperature
after transverse front drops and zone of reaction is extended. Experi-
ments show [8] that in smooth tubes, after damping of spin detonation,
stable detonation 13 absolutely impossibie. Damping of transverse
wave leads to sharp lengthening of zone of chemical reactlon after
shock front, and the impossibility of the nonspin regime is due
exclusively to thermal and mechanical losses on walls of the tube.

Authors observed cessaticn of detonation near the limits by

placing in the inside of the tube a rib with height of about [1/9)4.

172




In analogous experiments of V. A. Bone and others [9, 10], height of
rib was smaller, and detonatior. did not attenuate. It is also possible
that in experiments of Bone conditions of detonation were somewhat
far reroved from the limits.

In very rough tubes, K. I. Shchelkin [11] observed widening of
limits of detonation as compared with smooth tubes, but this is due
to change of the mechanism of ignition: 1in the presence of pronounced
roughness, ignition occurs as a result of reflection of shock wave
from projections of the wall. Phenomena in layer adjacent to the
wall apparently also play an important role for stabilization of spin
detonation in relatively smooth tubes.

Thus, ideas concerning transverse detonation waves developed i:
the precent book supplement the theory of detonation phenomena.
Existing experimental material shows that transverse waves accompany
any detonation in gases from the moment of its appearance until
damping.

There are known experiments in which there are also revealed
analogcus phenomena during detonation of condensed explosives. Tnus,
T. Urbanskiy [1C] obscrved periodic structure of glow on photoscans
of detonation of cylindrical charges of mixture of trotyl with
ammonium nitrate. A. N. Dremin and O. K. Rozancv [13] obtained a
network of brightly luminous lines by photographing detonation front
in liquid mixture Of : . .cmethane with acetone.

Cbviously, transverse waves can appear only in those cesec wiien
they strongly reduce zone of chemical reaction after the shock wav~,
In single crystals, as 1t is known, temperature after front cf s:uo-r
wave propagating with detonation speed is completely insufficien:

for initiastion of cnerical reaction. Therefore, it !s possible *
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assume that detonation front in single-crystal explosives also contains

transverse waves. It 1s natural that experimental investigations in

this direction will be of great interest.
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